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Abstract 

High-fidelity flatness defects in cold-rolled strip and sheet, arising from highly-localized thickness strain variations, 
present an ongoing challenge to the metals industry. A primary cause of such defects, based on rolling practice, but 
for which the effects have not been rigorously investigated, is the transfer of localized work-roll diameter deviations 
due to roll grinding error. This study addresses high-fidelity work-roll diameter deviation transfer in the cold rolling 
of stainless steel, aluminum, and copper. Parametric studies are performed on a 4-high mill to examine the influences 
of roll diameter, reduction, strip width, and material on the transfer of high-fidelity work roll diameter deviations. 
Studies are conducted using an efficient 3D roll-stack model that predicts strip thickness profile deviations via the 
simplified-mixed finite element method. Reduction deviations on the outgoing strip, which correlate to strip 
flatness/shape defects, are quantified and analyzed to understand the transfer characteristics of work-roll grinding 
deviations relative to perfectly ground (smooth) work rolls. The results reveal that high-fidelity transfer depends not 
only on roll grinding deviation amplitudes and mill loading, but also on the specific locations of deviations along the 
roll face length due to 3D bulk roll-stack deformations as well as effective stiffness ratio between the work roll and 
the strip. Concluding the study is a novel approach to identify customized work roll grinding profiles tailored 
specifically to eliminate pre-existing high-fidelity strip flatness defect patterns, wherein “corrective” high-fidelity roll 
diameter profiles account for the predicted 3D mill deflections, contact force distributions, and coupled micro/macro 
scale deformation mechanics. 

Keywords: Cold rolling, Roll diameter deviation, Strip profile/flatness, Roughness/texture transfer, Modeling, In-
situ corrective roll grinding 
 

1 Introduction 
The dimensional quality of cold rolled strip and sheet 
is extremely critical to downstream manufacturing 
operations, which is why it continues to be a primary 
area of research (Fig. 1a). Deviations from the desired 
thickness profile and flatness of the strip arise due to 
localized variations in the relative plastic deformation 
(i.e., thickness reduction) across the strip width, which 
subsequently produce widthwise or transverse 
variations in the longitudinal residual stress in the 
strip. Accordingly, for decades efforts have focused on 
achieving uniform transverse distribution of 
longitudinal stresses by abating or controlling 

widthwise deviations in the plastic thickness strain (or 
relative thickness reduction). The cause of such 
deviations is largely attributed to mismatch between 
the loaded roll gap profile and the incoming strip 
thickness profile. While many factors contribute to the 
loaded roll gap profile, among the most influential are 
1) roll-stack deformation involving bending, shearing, 
and Hertzian flattening of rolls (Fig. 1b); 2) transient 
roll diameter variations, as exemplified by the “warm” 
and “cold” (and worn) work roll diameter profiles in 
Fig. 1c; and 3) the imperfect grinding of new rolls 
based on residual error from the grinding process (e.g., 
“new” roll diameter profile in Fig. 1c).
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Fig. 1 (a) 4-high rolling mill stand; (b) Exaggerated natural mill deflection behavior of 4-high mill stand, involving bending, shear, 
and flattening of rolls; (c) Measured roll diameter profiles for a new work roll, the same roll when warm (after a single old rolling 
pass), and the same roll when cold and worn (after multiple passes); (d) section of a thin strip showing complex  flatness (shape) 
defects. [1] 

The dimensional quality of rolled strip, as influenced 
by the foregoing factors, is broadly addressed in terms 
of thickness profile and flatness (or shape), although 
the two are interdependent due to mass conservation. 
In the cold rolling of thin metals in particular, 
widthwise expansion of strip or sheet is negligible. 
Thus, from conservation of mass during plastic 
deformation, transverse perturbations in the relative 
thickness reduction induce corresponding localized 
regions of lengthwise expansion or contraction, which 
subsequently result in localized negative and positive 
longitudinal residual stress regions, respectively [2]. 
When free of applied rolling tensions, these residual 
stresses can manifest as visibly tight or loose (i.e., 
buckled) flatness defects (see Fig. 1d). With the 
heightened sensitivity of flatness to changes in the roll 
gap profile for thin materials, control of the thickness 
profile itself is usually impractical, and is undertaken 
only to achieve desired flatness. Evolution of rolling 
technology to meet the demands of increased strip 

quality has led to flatness control devices such as roll 
bending, machined roll profiles such as parabolically 
crowned rolls or more advanced continuously variable 
crown (CVC) roll profiles integrated with axial roll 
shifting, as well as thermal control of roll profiles. 

While these control mechanisms address typical low-
to-medium fidelity flatness defects (see Fig. 2), the 
correction of localized and complex higher order 
defects, as seen in Fig. 1d, has not seen much success, 
and thus frequently necessitates post-process 
operations such as tension or roller leveling. Such 
high-fidelity flatness defects can result from abrupt 
transverse changes along the loaded roll gap profile, 
resulting for example from the localized work roll 
diameter variations shown in Fig. 1c according to 
operational state of the roll. Since the strip is softer 
than the work roll, such local diameter deviations can 
partially transfer to the strip [3], potentially adversely 
affecting flatness via such defects as shown in Fig. 1d.
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Fig. 2 Order and types of flatness/shape defects in cold rolled strip/sheet. 

Although conventional flatness control mechanisms 
cannot easily correct high-fidelity defects, thermal roll 
profile control offers some benefit since a typical 
spray header cooling system comprises of series of 
nozzles capable of independent actuation with 
different coolant temperatures to change the effective 
diameter or lubrication over narrow zones along the 
roll face [4]. However, the continuous state of heat 
transfer, which leads to thermal interference in 
neighboring zones, together with non-uniform heat 
generation along the roll/strip interface, results in a 
complex thermal scenario which in itself has been an 
area of research for many years and limits 
effectiveness of spray header control systems. In 
addition, the width of the area/zone for each nozzle 
typically ranges from 25 to 100 mm [4], which may be 
insufficient to remove highly localized defects. 
Moreover, spray header thermal control systems apply 
only to 2-high, 4-high, and 6-high mill configurations, 
but not to 20-high cluster mills where lubricant 
“floods” the roll-bite, and for which high-quality 
rolling of high-strength, thin strip can be critical. 

Since the implementation of any new type of flatness 
control mechanism designed to correct for high 
fidelity defects will benefit from a detailed 
understanding of the transfer characteristics from the 
work roll to the strip, this paper provides both a 
rigorous modeling approach and parametric case 

studies toward this goal. Investigated in the parametric 
studies are transfer characteristics of high-fidelity 
work roll diameter deviations (e.g., Fig. 1c) onto the 
strip profile as a function of reduction ratio, roll 
diameter, and strip width considering three materials 
of differing strength (301 stainless steel, 6061-O 
aluminum, and commercially pure copper). Also 
investigated in this paper is a novel and potentially 
effective means to design corrective high-fidelity 
work roll diameter profiles tailored to incoming high-
fidelity strip profile defects, and adjusted according to 
the predicted mill and strip contact deformation 
mechanics. Upon commissioning of an appropriate in-
situ grinding and debris removal system, it might one 
day be possible to implement such “corrective” roll 
grinding profiles in-situ during rolling (or between 
passes) to much more effectively eliminate high-
fidelity flatness defects. 

While published work directly related to the 3D 
transfer of high-fidelity work roll diameter deviations 
to the rolled strip is absent, the literature on roughness 
and texture transfer is closely related and is discussed 
next in Section 1.1. Following this, Section 1.2 
provides details of the 3D roll-stack model for 
predicting high-fidelity strip thickness profile 
deviations using the simplified-mixed finite element 
method (SM-FEM). Section 2 applies the model in the 
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Table 1 Observations from related texture/roughness transfer literature. 

Author(s) 

(year) 
Method Material Investigation Observations / conclusions 

Özakın et al. 
(2021) [5] 

Experimental DC04 steel 

Effect of thickness 

change and reduction 

ratio 

 Roughness transfer is higher in higher 

reduction ratios 

 Higher roughness transfer in thinner sheet 

at lower roughness values while in thicker 

sheet with higher roughness values 

Wu et al. 

(2018) [3, 6] 

2D plane strain 

analytical slab 

method; finite 

element 

analysis (FEA) 

Material 

with 

specified 

properties 

Non-steady state 

roughness prediction 

modelling 

 Roughness transfer increases with an 

increase in reduction ratio but reaches a 

plateau 

Çolak et al. 

(2018) [7] 

Experimental DC01 

carbon steel 

Effects of rolling 

parameters on 

roughness transfer in 

temper rolling 

 Roughness transfer increases with an 

increase in rolling speed 

 Roughness transfer increases with an 

increase in rolling force 

 Greater transfer is expected in thinner 

materials 

Xia et al. 

(2017) [8] 

Statistical 

analysis of 

industrial strip 

data 

Steel Prediction model 

based on degree of 

influence of different 

parameters 

 Most influential factor on the roughness 

is the product of reduction and tension 

ratios 

Wentik et al. 

(2015) [9] 

Experimental 

 

Annealed, 

hot dip, 

galvanized 

interstitial 

free steel  

Model for roll 

roughness, roll wear 

and roughness 

transfer 

 Roughness of the strip increases with an 

increase in rolling force 

 Roughness of the strip increases with an 

increase in reduction ratio 

 Roll surface is mirrored onto strip 

Kijima  

(2013, 14) 

[10, 11] 

2D plane strain 

FEA;  

2D plane strain 

Experiments 

Annealed 

low carbon 

steel 

Influence of roll 

radius on roughness 

transfer in temper 

rolling 

 For the same peak pressure, roughness 

transfer ratio is higher with smaller roll 

Li et al.  

(2014) [12]  

Experimental SUS430 

Stainless 

steel 

Relation of roughness 

and glossiness 

 Average roughness (Ra), maximum 

height of peak, and valley decreases with 

an increase in reduction ratio 

Belov et al. 

(2014) [13] 

Experimental; 

strip data 

analysis 

Steel Effects of reduction, 

thickness, roll 

diameter, and tensile 

stress on roughness 

transfer 

 Roughness of the strip increases with an 

increase in reduction to exit thickness 

ratio  

 Roughness of the strip increases with an 

increase in strength of the strip material. 

 Roughness of the strip increases with an 

increase in roll diameter 

 Roughness of the strip increases with an 

increase in tensile stress on strip in the 

deformation region 
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Kimura et al. 

(2009) [14] 

Experimental galvanized 

steel 

Investigation of 

texture transfer in 

galvanized steel 

 Roughness transfer increases with an 

increase in elongation (reduction) 

 Roughness transfer increases with an 

increase in roll diameter 

Kijima & Bay 

(2008)  

[15, 16] 

 

2D plane strain 

FE analysis;  

2D plane strain 

Experiments  

Annealed 

low carbon 

steel 

Influence of tool 

roughness in temper 

rolling on roughness 

transfer and strip 

elongation 

 Shear stress caused by tangential 

displacements have significant effect on 

the amount of roughness transfer 

 Roughness transfer is dominated by peak 

pressure. 

Tieu et al. 

(2004) [17] 

Experimental Carbon steel 

and 

aluminum 

alloy 

Relationship of 

friction coefficient 

and process 

parameters  

 Roughness of the strip increases with an 

increase in reduction ratio 

 Rolling force increases with higher 

surface roughness of the strip 

Ma et al. 

(2002) [18] 

Experimental Carbon steel Analysis of reduction 

ratio, speed by 

atomic force 

microscope analysis 

of strip surface 

 Roughness of the strip increases with an 

increase in rolling speed 

 Roughness of the strip increases with an 

increase in reduction 

Le et al. 

(2000) [19] 

Industry strip 

analysis 

Aluminum 

alloy 

Spectral analysis of 

the industry rolled 

strip surface 

 Strip surface nearly conforms to the 

work roll surface in the initial pass 

 Long wavelength components flatten 

more rapidly than short wavelength 

components on the strip surface 

parametric case studies of the transfer characteristics. 
Section 3 illustrates the inability of common work roll 
bending systems to correct for high-fidelity defects. 
Section 4 demonstrates the design and performance of 
customized corrective roll grinding profiles, and 
Section 5 offers concluding remarks regarding 
potential implementation of such a system. 

1.1 Review of related studies on 

roughness/texture transfer 

Texture/roughness transfer is a closely related 
phenomenon to the transfer of high-fidelity roll 
diameter deviations. Texture transfer is characterized 
by two underlying mechanisms; penetration of work 
roll texture into the strip (dominant in low 
elongations/reductions) and reverse extrusion (where 
strip material flows into roll valleys), which is 
predominant in large reductions [21]. While 
texture/roughness transfer is fundamentally distinct 
from roll diameter deviation transfer, the similarity in 
their mechanism justifies a review of 
texture/roughness parametric transfer effects. Such 
effects in the cold rolling process occur not only at the 

macroscopic scale but also at very small scales of 
about 50 nm [22]. Physics-based modeling of such 
complex phenomena, which involves highly nonlinear 
elastic-plastic macro-scale roll bite mechanics as well 
as surface asperity contact mechanics, presents 
significant challenges. Accordingly, computational 
research in this area relies heavily on simplifying 
assumptions for continuum finite element simulations 
or other analysis methods. In addition, most 
experimental studies use simplified laboratory-scale 
mills. Table 1 summarizes observations and 
conclusions from the corresponding texture/roughness 
transfer investigations to date. 

As indicated in Table 1, computational efforts to 
understand and characterize the transfer behavior of 
surface roughness predominantly involve 2D plane 
strain analyses (e.g. [10, 11]). Recent work, however, 
shows that these 2D models neglect significant 
coupling effects between the micro-scale asperity 
contact mechanics and the macro-scale 3D bulk body 
deformations (bending, shear, and Hertzian flattening) 
of the mill components [23]. Furthermore, all but two 
experimental studies in Table 1 apply 
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Fig. 3 (a) Mixed continuous Winkler elastic foundation and 3D Timoshenko beam element with nodal degrees of freedom between 
adjacent bodies 1 and 2; (b) reduction deviation comparison between SM-FEM and large-scale continuum finite element analysis 
using Abaqus [20].

laboratory mills, which typically do not replicate the 
deformation and load characteristics of production 
mills. Notwithstanding their value in understanding 
roughness effects, a drawback of the experimental 
observations is that correlations between the effects of 
multiple variables makes it impractical to infer and 

understand the isolated effects of specific variables in 
a parametric assessment. Despite this, the 
roughness/texture literature in Table 1 provides 
important related observations that will be discussed 
and compared to the results in this work. 
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It should be noted at this point that the fundamental 
distinction between high-fidelity roll diameter 
deviations (from residual grinding error) and roll 
roughness is that the latter is characterized as high-
frequency, short-wavelength variations from an ideal 
surface, whereas the high-fidelity deviations are 
considered dimensional irregularities from an ideal 
geometry (characterized by relatively similar scale 
amplitude as roughness but much larger wavelength). 
Perhaps the most important aspect that differentiates 
high-fidelity roll diameter deviations from roll surface 
roughness is their respective behaviors; from a contact 
mechanics viewpoint, roughness behaves 
mechanically different from the rest of the body 
underneath, and can initially be considered as a 
reduced strength layer, while the high-fidelity 
deviations exhibit mechanical deformation behavior 
similar to that the bulk body, and thus they more 
substantially influence bulk deformation behavior. It 
is therefore necessary to understand the transfer 
behavior of high-fidelity deviations in the context of a 
3D roll-stack contact mechanics environment, which 
includes examining coupling effects between the bulk-
body deformation and the roll diameter deviations 
under parametrically varied rolling conditions. 
Accordingly, provided next is a mathematical 
description of the 3D roll-stack modeling approach 
used to predict strip thickness profile deviations for 
the parametric studies, as well as the subsequent 
corrective roll grinding investigation. 

1.2 Strip profile prediction mathematical 

formulation 

Model formulations developed over the years to 
predict steady-state strip thickness profile have 
incorporated methods based on influence coefficients, 
transport matrices, large-scale continuum finite 
element analyses, and non-physics pattern recognition 
techniques, as summarized in [24–26]. On account of 
applicability to complex mill configurations (e.g., 20-
high cluster mills [27]), as well as computational cost 
and accuracy requirements, the physics-based 
simplified mixed finite element method (SM-FEM), 
introduced in [24] and adapted with an advanced 
contact algorithm to accommodate both low order and 
high-fidelity roll profiles [20, 23, 28, 29], is adopted 
herein. Although the SM-FEM model described can 
be coupled with a Newmark-beta time integration 
technique to simulate temporal behavior of the 3D 
roll-stack and predict transient evolution of the rolled 

strip profile (as described in [1]), a static model is 
sufficient for the investigations in this work. 

The detailed model validation and derivation, 
including use of coupled Winkler foundation 
elements, 3D Timoshenko beam elements, calculation 
of contact interferences, and the overall procedure for 
assembly and solution of the nonlinear system of 
equations is given in previous work [23, 27, 28]. 
Hence, only outlined in this section is the formulation 
necessary for implementation, as well as a comparison 
of results to large-scale continuum FEM. 

Figure 3a provides a schematic of the SM-FEM 
formulation. Bending and shear deformations of rolls 
are modeled using 3D Timoshenko beam elements. 
Nonlinear elastic contact flattening due to Hertzian 
behavior per the analytical expression in [30], as well 
as the equivalent load versus plastic deformation 
relation of the strip, are modeled using the twin beam-
coupled Winker foundation elements. This 
formulation avoids the requirement for a large number 
of very small elements to represent the narrow contact 
regions, as is the case with conventional continuum 
FEM. 

Equation (1) represents the corresponding global 
nonlinear system of equations, where the global 
stiffness matrix, [𝑲𝑮], and load vector, 𝒇, are functions 
of the displacement vector, 𝒖 [24] 

 [𝑲𝑮(𝒖)] 𝒖 =  𝒇(𝒖) (1) 

 
Each displacement vector, 𝑢𝑗, at node 𝑗 includes three 

translation and three rotation degrees of freedom: 

 𝒖𝑗 = {𝑢𝑗 𝑦𝑗  𝑤𝑗  𝜃𝑥𝑗  𝜃𝑦𝑗 𝜃𝑧𝑗} (2) 

The global stiffness matrix, [𝑲𝑮], in Eq. (1) is 
superposed by a Winkler continuous nonlinear 
foundation stiffness matrix contribution, [𝑲𝑭], and the 
standard Timoshenko matrix contribution for bending 
and shear deformable stiffness, [𝑲𝑻], per Eq. (3): 

 [𝑲𝑮] = [𝑲𝑭] + [𝑲𝑻] (3) 

 
For a coupled beam/foundation element 𝑖 between 
bodies 1 and 2, respectively (e.g., strip and work roll 
as in Fig. 3a, or two rolls), the total coupled element 

stiffness, [𝑲𝑮1,2,𝑖], has a size 24 by 24 and contains all 

six translational and rotational degrees of freedom at 
each of the four nodes (see two Timoshenko beam 
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elements coupled with intervening foundation in Fig. 
3), as in Eq. (4): 

 [𝑲𝑮1,2,𝑖] = [𝑲𝑭1,2,𝑖] + [𝑲𝑻1,2,𝑖] 
= [  

  ∫ 𝑘𝑓𝑒𝑞(𝑥)[𝑵11]𝑑𝑥𝑙𝑖0  −∫ 𝑘𝑓𝑒𝑞(𝑥)[𝑵12]𝑑𝑥𝑙𝑖0−∫ 𝑘𝑓𝑒𝑞(𝑥)[𝑵21]𝑑𝑥𝑙𝑖0 ∫ 𝑘𝑓𝑒𝑞(𝑥)[𝑵22]𝑑𝑥𝑙𝑖0 ]  
  

+ [[𝑲𝑻1,𝑖] [0][0] [𝑲𝑻2,𝑖]] (4) 

 
In Eq. (4), 𝑙𝑖 is the 𝑖th element length. For bodies 1 and 

2, the shape function matrix subset term [𝑵𝓅𝓆] (for 𝓅, 𝓆 ∈ [1,2]) in the foundation stiffness matrix [𝑲𝑭1,2,𝑖] 
is defined as: 

 [𝑵𝓅𝓆]= [[𝑵𝑣𝓆]𝑇[𝑵𝑣𝓆] sin2 𝜃+ [𝑵𝑤𝓅]𝑇[𝑵𝑤𝓆] cos2 𝜃+ [𝑵𝑣𝓅]𝑇[𝑵𝑤𝓆] sin 𝜃 cos 𝜃+ [𝑵𝑤𝓅]𝑇[𝑵𝑣𝓆] sin 𝜃 cos 𝜃] (5) 

 
where [𝑵] represents the full shape function 
representing both horizontal (𝑤) and vertical (𝑣) 
displacements of conventional Timoshenko beams. 
Term 𝜃 in Eq. (5) is the angle of inclination between 
bodies 1 and 2, where, for example, 𝜃 =  90° 
corresponds to a vertically oriented 4-high mill as 

shown Fig. 1. Matrix [𝑲𝑻1,2,𝑖] in Eq. (4) is size 24×24 

and contains the 12×12 element stiffness matrices, [𝑲𝑻1,𝑖] and [𝑲𝑻2,𝑖], for 3D Timoshenko beams 1 and 
beam 2, respectively. 

Iterative techniques for the solution of nonlinear static 
system in Eq. (1) are discussed in [28], although at a 
given mill operating condition such as during the same 
rolling pass, [𝑲𝑮] can be considered constant [24], 
thus linearizing the system in Eq. (1). 

Contact interference 

In an elastic contact model between rolls, the distance, 𝑑12 between roll center axes 1 and 2 is computed from 
the relative displacement 𝑣1(𝑥) − 𝑣2(𝑥) and initial 
coordinates, 𝑦𝑐. 

 𝑑12 = [𝑦1𝑐 + 𝑣1(𝑥)] − [𝑦2𝑐 + 𝑣2(𝑥)] (6) 

For estimation of the contact interference, 𝛿12, a 
distance function between the axes is applied (using 
respective local diameter), as expressed in Eq. (7) [24] 

 𝛿12(𝑥) = 𝐷1(𝑥) + 𝐷2(𝑥) − 𝑑12(𝑥) (7) 

The roll diameter profile deviations are incorporated 
into 𝐷1(𝑥) and 𝐷2(𝑥) for the contact interference 
calculation. The specific contact force 𝑓(𝑥) is the 
product of the contact interference and the equivalent 
foundation stiffness, 𝑘𝑓𝑒𝑞(𝑥), which is derived from 

the series stiffness combination between the elastic 
foundation stiffness of bodies 1 and 2 (strip/roll or 
roll/roll). The integral of the specific contact force 
requires equilibration with the total applied contact 
load, 𝑃𝐶 . 

 𝑃𝐶 = ∫ 𝑓(𝑥) 𝑑𝑥𝑙
0  (8𝑎) 

 𝑃𝐶 = ∫ 𝑘𝑓𝑒𝑞(𝑥) 𝛿12(𝑥)𝑑𝑥𝑙
0  (8𝑏) 

 𝑃𝐶 = ∫ ( 1𝑘𝑓1(𝑥) + 1𝑘𝑓2(𝑥))−1 𝛿12(𝑥)𝑑𝑥𝑙
0  (8𝑐) 

 
The SM-FEM model described above has been 
validated against both large-scale finite element 
models as well as industrial data involving asymmetric 
roll profiles such as CVC [29]. A detailed comparison 
of SM-FEM with large scale finite element analysis to 
investigate the capability of the SM-FEM to capture 
high-fidelity roll diameter deviations and contact force 
perturbations was carried out in [20] and shows strong 
agreements in the results (Fig. 3b). The model not only 
provides an effective and efficient method to predict 
the steady-state strip profiles under high-fidelity 
conditions, but being 3D, the roll-stack model proves 
to be superior over the simplified 2D plane-strain 
models by capturing the coupling between the contact 
mechanics and bulk body deformation. 

To estimate rolling force for the three different 
materials (301 stainless steel, 6061-O aluminum, and 
commercially pure copper), the simple mathematical 
model by Roberts, explained in [31], is adopted here. 
Note that although more sophisticated roll-bite force 
models are available, the aim here is simply to 
incorporate rolling force trends for the three materials 
in parametric studies involving high-fidelity transfer 
using the aforementioned 3D roll-stack deformation 
model.
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Table 2 Mill dimensions and nominal case parameters. 

Parameter Value 

Work roll diameter 76.2 mm 

Backup roll diameter 304.8 mm 

Work roll face length 304.8 mm 

Backup roll face length 304.8 mm 

Work roll neck diameter 50.8 mm 

Backup roll neck diameter 187.2 mm 

Work roll neck length 152.4 mm 

Backup roll neck length 152.4 mm 

Distance between bearings on work roll 457.2 mm 

Distance between bearings on backup roll 457.2 mm 

Work roll and backup roll Young’s modulus 207 GPa 

Strip width (nominal case) 209.55 mm 

Entry thickness (for thick gauge nominal case) 2.576 mm 

Exit thickness (for thick gauge nominal case) 2.382 mm 

Reduction ratio (for thick gauge nominal case) 7.495% 

Entry thickness (for thin gauge nominal case) 0.236 mm 

Exit thickness (for thin gauge nominal case) 0.234 mm 

Reduction ratio (for thin gauge nominal case) 1.075% 

2 High-fidelity transfer 

Investigated in this section are the transfer 
characteristics of high-fidelity work roll diameter 
deviations (grinding error) represented by the “warm” 
profile of Fig. 1c. Case studies are carried out for a 4-
high cold rolling mill stand model (Fig. 1a) to 
investigate the individual influences of: (i) nominal 
work roll diameter, (ii) strip width, and (iii) reduction 
ratio for each of the three material types. For better 
understanding of the parametric effects, only the upper 
work roll incorporates high fidelity roll grinding 
deviations, while all other rolls (including the bottom 
work roll) are considered to be perfectly smooth. The 
incoming strip also assumes a perfectly smooth 
incoming state and has rectangular thickness profile 
(i.e., no incoming crown). In addition, the influences 
of nominal work roll diameter, strip width, and 
reduction on the high-fidelity transfer characteristics 
are investigated using two different nominal incoming 
thickness categories: (i) 2.576 mm initial strip having 
no prior reduction since anneal (referred to hereinafter 
as “thick gauge”), and (ii) 0.236 mm final-pass, 
significantly work-hardened strip having 41.875% 
prior reduction (with isotopic strain hardening 
according to Ludwik’s power law, referred to 

hereinafter as “thin gauge”). Again, each parametric 
case includes the three material types; SS 301 as high 
strength material, Al 6061-O with 90 minutes aging 
for medium strength, and commercially pure copper 
(Cu) as soft material. 

Nominal/reference rolling pass cases for both the thick 
and thin gauge strips are first defined to serve as 
benchmarks for the parametric comparisons. Table 2 
lists the associated mill dimensions and nominal case 
parameters. Material constitutive parameters used 
with Ludwik’s isotropic strain hardening for 
subsequent rolling force estimations are tabulated in 
Table 3. Entry to exit tension ratio is 0.734 with entry 
tension kept at 11% of the yield strength of the 
material. With the “warm” work roll diameter profile 
from Fig. 1c (referred to hereinafter as “errored” roll 
profile) applied to the upper work roll, a mesh 
convergence study for the described SM-FEM method 
was first carried out to achieve convergence in the 
average strip thickness strain, and to ensure effective 
capture of the high-fidelity deviations. A total of 224 
foundation-coupled, double Timoshenko beam 
elements (see Fig. 3a lower right) were found to be 
sufficient for all case studies.
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Fig. 4 Exit thickness profile of nominal cases in Table 2. (a) Thick gauge (2.567 mm); (b) Thin gauge (0.236 mm). 

 

Table 3 Material constitutive model parameters for Ludwik’s isotropic hardening used to estimate specific rolling force. 

Material Yield strength (MPa) Strength coefficient (MPa) Strain hardening exponent 

SS 301 283.37 2987.49 0.7475 

Al 6061-O 118.87 356.99 0.21 

Cu 69 530 0.44 

 

2.1 High-fidelity roll grinding error 

transfer characteristics for nominal cases 

Table 4 lists the required rolling force per unit strip 
width (normalized to work roll elastic modulus) for 
the thick and thin gauge nominal rolling cases in Table 
2. Figure 4 shows the resulting exit thickness profiles 
normalized by input thickness for both the thick gauge 
(Fig. 4a) and thin gauge (Fig. 4b) nominal cases 
considering the three material types, and when rolled 
using an upper work roll containing the warm residual 
grinding error from Fig. 1c. 

In Fig. 4, transferred high-fidelity deviations are 
clearly visible on all but one of the exit thickness 
profiles as a direct result of the work roll grinding 
error. Also, even though all three materials are 
simulated with identical mill parameters, the relative 
contact forces and distributions vary between SS 301, 
Al 6061-O, and Cu due to the respective material 
strengths, which results in different thickness profiles. 
The 301 stainless steel strip, possessing the highest 
strength, induces greater bending and edge-flattening 
of the rolls, leading to greater “natural” strip crown 
compared to the Al 6061 and Cu.  

Table 4 Estimated normalized specific rolling force for 
nominal cases. 

Material  
Normalized force (

𝑷𝒄𝑬 𝒘 × 𝟏𝟎𝟒) 

Thick gauge Thin gauge 

SS 301 0.45 0.60 
Al6061-O 0.22 0.05 

Cu 0.15 0.05 

 

Regarding the high-fidelity roll grinding error transfer, 
it is intuitive that the extent of deviations transferred 
to the strip depends on a number of variables such as 
elastic stiffness of work rolls, elastic stiffness and 
plastic resistance of strip, as well as bulk body 
deformations such as bending, shear, and variation in 
Hertzian flattening along the roll face lengths. A 
combination of these effects, accounted for by the SM-
FEM model, determines the actual contact force 
distribution at the roll/strip interface and governs the 
degree of transfer of work roll geometrical deviations 
onto the strip. These combined effects are manifested 
in Fig. 4 as differences in transfer among the three 
materials at any given location along the strip width. 
For the thin gauge, however, the exit profiles for Al 
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Fig. 5 Thickness profile deviation/error of strip in errored roll relative to smooth roll case for (a) Thick gauge (2.567 mm); (b) Thin 
gauge (0.236 mm); (c) & (d) Corresponding error in reduction deviation; (e) Constant linearized strip foundation modulus. 

 

Table 5 Average values of foundation stiffnesses 𝑘𝑓1,𝑘𝑓2,and 𝑘𝑓𝑒𝑞 , as well as the ratio 𝑘𝑓1/𝑘𝑓2, for thick (2.576 mm entry 
thickness) and thin (0.236 mm entry thickness) gauge rolling passes with three different materials. 

Material 
𝒌𝒇𝟏 

(𝒌𝑵 𝒎𝒎𝟐⁄ ) 

𝒌𝒇𝟐 
(𝒌𝑵 𝒎𝒎𝟐⁄ ) 

𝒌𝒇𝒆𝒒 

(𝒌𝑵 𝒎𝒎𝟐⁄ ) 

𝒌𝒇𝟏/𝒌𝒇𝟐 

SS 301 
Thick 20.27 70.14 15.72 0.29 
Thin 2051.64 72.18 69.72 28.43 

Al 6061-O 
Thick 10.10 65.65 8.75 0.15 
Thin 176.01 57.82 43.52 3.04 

Cu 
Thick 6.76 63.31 6.11 0.11 
Thin 174.58 57.78 43.41 3.02 
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6061 and Cu appear to overlap; this is due similarity 
in the strain-hardened material strengths (405 MPa for 
the Al 6061, and 401 MPa for Cu), as well as their 
similar required specific rolling forces with 41.875% 
prior reduction (see Table 4). To better visualize the 
transfer effects of the work roll grinding error, Fig. 5a, 
b reveal the differences in exit thickness profiles 
relative to the case in which high-fidelity grinding 
error is absent (i.e., relative to a perfectly smooth 
upper work roll). Considering first Fig. 5a, the results 
shown help reveal the transfer characteristics by 
eliminating the influences of bulk body deformation1. 
This is because at any transverse distance from mill 
center, the exit thickness profiles in the earlier Fig. 4a 
arise due to combination of effects that include 
bending, shear, and non-uniform flattening of the 
rolls, yet these innate effects (which are similar but not 
identical for the errored roll and the smooth roll [32]) 
are now eliminated, as is evident in Fig. 5a. Despite 
the different individual shapes of the exit thickness 
profiles among the three materials in Fig. 4a, the 
profiles seen in Fig. 5a, by “filtering” the bulk-body 
deformation, are in fact very similar and clearly 
exhibit noticeable transfers of the roll grinding error. 
In the case of SS 301, the thick-gauge error transfer 
shown in Fig. 5a is comparable with that of Al 6061 
and Cu; however, for thin gauge (Fig. 5b), the error 
transfer for SS 301 is almost negligible compared to 
Al 6061 and Cu; because of the more significant work-
hardening and higher strength of SS 301, the thin 
gauge strip experiences less transfer. 

This can be explained by analyzing the relative 
“stiffnesses” of roll and strip during plastic 
deformation as follows. Defined in Eq. (9) is the 
average foundation stiffness modulus of the strip, 𝑘𝑓1, 
used in the SM-FEM model described earlier, where 𝐹 is the total rolling force, 𝑤 is the strip width, and (𝐻 − ℎ) represents the absolute reduction. At the mill 
operating point, the strip modulus 𝑘𝑓1 represents the 
secant2 (Fig. 5e) (or tangent) of unit rolling force 
versus plastic thickness reduction: 

 𝑘𝑓1 = 𝐹𝑤(𝐻 − ℎ) (9) 

 𝑘𝑓𝑒𝑞 = [𝑘𝑓1−1 + 𝑘𝑓2−1]−1
 (10) 

 

                                                      
1 Ref [23] showed the coupling effects between 
micro- and macro-scale deformation 

Equation (10) defines the corresponding total 
equivalent foundation stiffness between the work roll 
axis and the strip horizontal mid-plane, where 𝑘𝑓2 is 
the elastic flattening stiffness of the work roll. 

Listed in Table 5 are the average values of the strip 
modulus 𝑘𝑓1, the work roll foundation flattening 
modulus 𝑘𝑓2, and the combined equivalent elastic 
foundation stiffness, 𝑘𝑓eq, for the nominal thick and 

thin gauge cases for all three materials. Note that the 
high-fidelity transfer mechanics from the work roll to 
the strip are directly related to the ratio between 𝑘𝑓1 
and 𝑘𝑓2, values for which are also given. In the case of 
SS 301, the 𝑘𝑓1/𝑘𝑓2 ratio increases by factor of 100 
from the thick to the gauge, which explains the 
insignificant transfer of roll deviations. In contrast, for 
the softer Al 6061 and Cu materials, this ratio for thick 
and thin gauge differs by only one order of magnitude. 
Even though 𝑘𝑓1/𝑘𝑓2 is comparatively larger both for 
the thin gauge Al 6061 and Cu than it is for thick 
gauge, the ratio is still relatively small, which is why 
high-fidelity transfer effects can still be readily seen. 
Based on this reasoning, however, for Al 6061 and Cu 
the transferred high-fidelity deviations should be 
greater for the thick gauges than for thin gauges, but 
Fig. 5b seems to contradict this. Ref. [7] also indicates 
that roughness transfer is expected to be higher in 
thinner material. However, there cannot be a direct 
comparison between thick gauge results and thin 
gauge results here since the total rolling force as well 
as reduction are different (e.g., 7.495% reduction for 
thick gauge vs. 1.075% for thin gauge). Also, the 
results in Figs. 4 and 5 are normalized by input (entry) 
thickness. Absolute values of the transfer deviations 
for the thin gauge materials may actually be lower 
(e.g., 1.47 × 10−3 mm for thin gauge Cu vs. 5.0 ×10−3 mm for thick gauge Cu). Yet, when normalized, 
the values may be larger (e.g., at location ‘p’ in Fig. 
5a,b the normalized values are 6.21 × 10−3 for thin 
gauge Cu and 1.94 × 10−3 for thick gauge Cu). While 
absolute values represent the geometrical error in 
terms of deviation amplitudes, larger normalized 
values imply more significant localized flatness 
defects on the strip due to the relatively greater 
longitudinal (rolling direction) strains arising from 
conservation of mass flow during plastic deformation. 

2 Secant is preferred over tangent particularly in 
dynamic analysis with direct time integration 
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Considering the above, a more consequential metric in 
analyzing transfer effects on the strip geometric 
quality is the deviation in reduction ratio at a given 
location compared to the average reduction ratio. This 
metric is more suitable since it implies related 
consequences that can lead to the complex flatness 
defects discussed earlier. 

Equations (11) to (13) show the calculation of the 
deviation in reduction ratio (thickness strain), ∆𝑟𝑒(𝑥), 
at transverse locations 𝑥 along the exit strip profile, 
typically taken as Gauss integration points (5 per 
element) in the SM-FEM model. 

 �̅� = 1 𝑛⁄ ∑𝐻(𝑥𝑖) − ℎ(𝑥𝑖)𝐻(𝑥𝑖)𝑛
i=1  (11) 

 ∆𝑟(𝑥𝑖) = 𝐻(𝑥𝑖) − ℎ(𝑥𝑖)𝐻(𝑥𝑖) − �̅� (12) 

 ∆𝑟𝑒(𝑥𝑖) = ∆𝑟𝑖𝑛(𝑥𝑖) + ∆𝑟(𝑥𝑖) (13) 

 
In Eqs. (11) to (13), 𝑛 is the total number of Gauss 
points, �̅� represents the average reduction ratio, ∆𝑟(𝑥) 
is the deviation from the average reduction ratio 
(referred to as “reduction deviation”) for the current 
pass, and ∆𝑟𝑒(𝑥) is the total change in reduction 
deviation considering the entry condition (prior pass 
input) as well as the exit condition from the current 
pass. Figure 5c,d show the corresponding difference in 
reduction deviation with the high-fidelity grinding 
error compared to smooth rolls for thick and thin 
gauge nominal cases with all three materials. To 
provide a single aggregate “error” transfer metric, a 
root mean square (RMS) error is calculated via Eq. 
(14) for 𝑛 Gauss points based on total reduction 
deviation considering the roll grinding error (denoted ∆𝑟𝑒,𝑒), as well as total reduction deviation with 

perfectly smooth rolls (denoted ∆𝑟𝑒,𝑠). Table 6 lists the 
RMS error in reduction deviation for the nominal 
cases to be used as a benchmark for parametric studies 
to analyze the effects of work roll diameter, reduction 
ratio, and strip width in later sections. 

 RMS = [ 1n ∑[∆𝑟𝑒,𝑠(𝑥𝑖) − ∆𝑟𝑒,𝑒(𝑥𝑖)]2𝑛
i=1 ]0.5

 (14) 

 
 
 

Table 6 RMS error values for exit profile reduction 
deviation with “warm” work-roll profile in Fig. 1c compared 
to smooth work-roll, and considering nominal rolling pass 
parameters in Table 2. 

Material Thick gauge Thin gauge 

SS 301 3.03 × 10−4 1.76 × 10−4 
Al 6061-O 3.33 × 10−4 1.12 × 10−3 

Cu 3.44 × 10−4 1.13 × 10−3 

 

2.2 Influence of work roll diameter on 

high-fidelity transfer characteristics 

In this section, a case study involving varying the ratio 
of work-roll diameter to fixed work-roll face length 
(𝑑𝑤𝑟/𝑙𝑤𝑟) relative to the nominal ratio of 0.25 is 
carried out to investigate the influence of work roll 
diameter on the high-fidelity transfer characteristics. 
The work-roll diameter is thus changed to vary 𝑑𝑤𝑟/𝑙𝑤𝑟  while maintaining the roll face length and all 
other parameters (except rolling force) at their 
nominal values. The required rolling force is re-
computed for each diameter, and the transfer of high-
fidelity roll grinding deviations is examined to deduce 
the influence of increasing/decreasing diameter. In 
doing so, work roll grinding deviations are kept 
constant, i.e., the absolute roll diameter deviations are 
directly superposed onto the various diameters. Such 
an approach is deemed more realistic in terms of 
residual errors in the grinding process, and it provides 
for direct results comparison. Transfer characteristics 
are quantified relative to smooth rolls via the RMS 
error defined in Eq. (14). 

As an intermediate calculation, listed in Table 7 are 
the normalized rolling force values (𝐹𝑛𝑜𝑟𝑚) required 
for the thick gauges with each material to achieve the 
nominal 7.495% reduction. It is evident that with an 
increase in the work roll diameter, the force required 
to attain the nominal reduction increases. Increasing 
the roll diameter results in increased roll-bite contact 
area, which leads to lower contact pressure, thus to 
achieve the same reduction larger force is generally 
required. However, this depends on the specific 
material properties of the work roll and strip, as well 
as the updated geometry, as evident in Table 7. Note 
that required rolling force increases much more 
rapidly for SS 301 than for Al 6061 and Cu. 



Influence of Work-Roll Grinding Error and High-Fidelity Corrective Grinding in Cold Sheet Rolling 

14 
Table 7 Normalized specific rolling force values for 7.495% 
reduction of the thick gauge (2.576 mm). 

Normalized 

diameter 

Normalized force (
𝑷𝒄𝑬 𝒘 × 𝟏𝟎𝟒) 

SS 301 Al 6061-O Cu 

0.167 0.36 0.18 0.12 
0.208 0.41 0.20 0.14 
0.250 0.45 0.22 0.15 
0.292 0.49 0.24 0.16 
0.333 0.53 0.26 0.17 
0.375 0.57 0.28 0.19 

 

Figures 6a, b show the corresponding 𝑘𝑓1/𝑘𝑓2 ratios 
and RMS error values, respectively. Since 𝑘𝑓1/𝑘𝑓2 is 
a stiffness ratio, one can intuitively observe the strip 
exhibits greater “apparent” strength when rolled with 
larger diameter. Looking at the RMS error, in the case 
of SS 301, the RMS error continuously decreases with 
increase in work roll diameter, which is also quite 
intuitive since the corresponding 𝑘𝑓1/𝑘𝑓2 ratio 
increases, implying that the strip behaves stiffer 
mechanically compared to the work roll as the 
diameter increases. However, in case of Cu, and up to 
a certain extent with Al 6061, the RMS error for 
diameters below nominal reveals a different trend. For 
cases where work roll diameter is larger than the 
nominal, the results for all the three materials are 
consistent, while for lower diameter values the Cu and 
Al 6061 first result in increased, but then decreased, 
RMS errors. The authors believe that the reason such 
behavior is attributed to the specific rolling force 

values; when the force is lower for softer materials, the 
RMS error increases with increase in diameter until 
reaching a maximum followed by decreasing trend. 
Four additional 𝑑𝑤𝑟/𝑙𝑤𝑟  cases ratios between the 
values of 0.21 and 0.25 are considered to investigate 
this phenomenon further. It is observed that cases with 𝑑𝑤𝑟/𝑙𝑤𝑟  less than 0.2375 in both the cases showed 
increase in RMS error with increasing roll diameter. 
However, beyond 𝑑𝑤𝑟/𝑙𝑤𝑟 ratios of 0.2375, all the 
other cases revealed decreasing RMS errors with 
increase in roll diameter. Overall, an inverse 
relationship is revealed between the high-fidelity 
transfer, based on RMS error, and the stiffness ratio 
between the strip and work roll, 𝑘𝑓1/𝑘𝑓2. 

In the case of thin gauge passes (see again Table 2 for 
gauge and reduction values), strain hardening effects 
on the strip due to prior reduction can be seen in the 
required rolling force values listed in Table 8. For the 
same reduction, rolling force increases greatly with 
increasing work-roll diameter for the SS 301 
compared to Al 6061 and Cu (a gradient of 2.3 exists 
in the force/diameter relation for SS 301 vs. 0.15 for 
Al 6061 and Cu, due to roll flattening effect with SS 
301). Also, as observed in the previous section, the 
results for Al 6061 and Cu overlap due to their similar 
work-hardened strengths. Result trends for the thin 
gauge are similar to those of the thick gauge, i.e., the 
ratio 𝑘𝑓1/𝑘𝑓2 increases, and the RMS error 
correspondingly decreases, as the work-roll diameter 

 

Fig. 6 (a) 𝑘𝑓1/𝑘𝑓2 ratio and; (b) trends in RMS error in reduction deviation as function of work-roll diameter to work-roll face 
length ratio with the thick gauge (2.576 mm) nominal rolling cases in Table 2, considering three different materials. 
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Fig. 7 (a) 𝑘𝑓1/𝑘𝑓2 ratio and; (b) trends in RMS error in reduction deviation as function of work-roll diameter to work-roll face 
length ratio with the thin gauge (0.236 mm) nominal rolling cases in Table 2, considering three different materials. 

is increased (Fig. 6a,b). However, with the thin gauge, 
both Cu and Al 6061 show a similar trend to SS 301 
since the force values to achieve the 1.075% reduction 
are relatively larger. It is also evident that since the 𝑘𝑓1/𝑘𝑓2 ratio values for the softer Al 6061 and Cu 
materials are lower than for SS 301, they show a more 
substantial degree of high-fidelity transfer. Note 
however, that the rolling force increases relatively 
linearly with work-roll diameter, the RMS error 
exhibits a non-linear relation to the ratio 𝑑𝑤𝑟/𝑙𝑤𝑟 . One 
reason might be the non-linear nature of rolling force 
versus mill deflection, which also elucidates the fact 
that it is not merely the rolling force itself that is 
responsible for the transfer; i.e., it suggests the 

presence of the bulk body deformation effects as 
described earlier. 

Interestingly, the results obtained in the above case 
study involving work-roll diameter effects contradict 
the conclusions of studies by past researchers in the 
context of surface roughness or texture transfer [14]. 
However, it is important to note that there is a 
perspective difference between the results of past 
literature and the results here; specifically, in the past 
studies conclusions were made regarding the question 
whether the extent of transfer increases if the roll 
diameter increases, or whether the roughness of the  

 

 

Fig. 8 Absolute RMS error in thickness profile (𝑅𝑀𝑆𝑙𝑖𝑡, per Eq. (15)), and RMS error in the relative thickness profile with respect 
to smooth roll case (𝑅𝑀𝑆𝑡, per Eq. (16)) to isolate the effects of work roll diameter for SS 301; (a) Thick gauge (2.567 mm); (b) 
Thin gauge (0.236 mm). 
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strip is greater when rolled with a larger diameter work 
roll. The answer might have been concluded as 
affirmative in an absolute sense, i.e., if the work-roll 
diameter was increased, the strip might possess greater 
roughness in experimental tests. However, it is 
insufficient to conclude that the reason for observed 
roughness increases was in fact the increase in roll 
diameter. This is because the approach to conclusion 
generally did not isolate the influence of work roll 
diameter itself; indeed, the contact force distribution, 
and correspondingly the natural crown or thickness 
profile of the strip, also changes significantly when the 
roll diameter is changed. In other words, in past 
studies of roughness and texture, the RMS error or 
other associated metric used to assess the transfer 
(e.g., transfer ratio) did not distinguish whether the 
resulting metric was due to actual transfer mechanism, 
or due in part to bulk body deformation effects that 
alter the contact force distribution. Moreover, the 
actual transfer efficiency is likely a combination of 
both, which can be misleading, as shown in Fig. 8a,b. 

To avoid this confounding issue, the RMS error metric 
in this work reflects the high-fidelity grinding error 
transfer when benchmarked to the case of perfectly 
smooth work rolls. Also, the RMS error calculation in 
this work is based on the values of deviations in the 
reduction at each point relative to the average 
reduction of the strip, and not the actual thickness 
profile. Figure 8 shows the RMS error plot for SS 301 
calculated from the exit thickness profile as 
interpreted in the literature (𝑅𝑀𝑆𝑙𝑖𝑡), i.e., with 
reference to rectangular exit strip profile, as well as 
with respect to the exit strip when rolled with smooth 
roll (as in this work, but based on the thickness profile, 
denoted 𝑅𝑀𝑆𝑡). 𝑅𝑀𝑆𝑙𝑖𝑡 thus represents “absolute” 
error, while 𝑅𝑀𝑆𝑡 represents error relative to 
otherwise identical smooth (uniform) rolls, as 
indicated in Eqs. (15) and (16), 

 𝑅𝑀𝑆𝑙𝑖𝑡 = [1n ∑[ℎ(𝑥𝑖) − 0𝐻(𝑥𝑖) ]2𝑛
𝑖=1 ]0.5

 (15) 

 𝑅𝑀𝑆𝑡 = [1n∑ [ℎ(𝑥𝑖)𝑒 − ℎ(𝑥𝑖)𝑢𝐻(𝑥𝑖) ]2𝑛
𝑖=1 ]0.5

 (16) 

 
where ℎ(𝑥)𝑒  and ℎ(𝑥)𝑢 are the exit thicknesses 
considering grinding error on rolls, and smooth 
(uniform) rolls, respectively. 

Table 8 Normalized specific rolling force values for 1.075% 
reduction of the thin gauge (0.236 mm). 

Normalized 

diameter 

Normalized force (
𝑷𝒄𝑬 𝒘 × 𝟏𝟎𝟒) 

SS301 Al 6061 Cu 

0.167 0.41 0.04 0.04 
0.208 0.50 0.05 0.04 
0.250 0.60 0.05 0.05 
0.292 0.70 0.06 0.06 
0.333 0.79 0.06 0.06 
0.375 0.89 0.07 0.07 

 

From Fig. 8a,b, it can be seen that, with the increase in 
diameter, error transfer increases in an absolute sense, 
i.e., if only the final result is considered. However, 
error transfer is not an isolated effect of the increase in 
the work roll diameter; a combination of the influence 
of work roll diameter and contact force distribution (as 
a result of bulk body deformations that include 
bending, shear, and variation in Hertzian flattening 
along the roll face length) produces the results stated 
in the past literature. Whereas in a truly isolated sense, 
the influence of work roll diameter is found to be the 
exact opposite, i.e., with the increase in work roll 
diameter the transfer actually decreases. Increasing the 
work roll diameter changes the contact force and its 
distribution, so force acting at any particular location 
’𝑥’ may be greater in the case of a larger diameter, and 
it is this effect that can be dominant rather than the 
actual influence of the work roll diameter, i.e., 
compared to when the transfer mechanism is 
considered fundamentally in terms of its localized 
contact mechanics. Such a distinction, however, 
largely depends on the geometry of rolls and the mill 
configuration, and can actually be different for each 
configuration. A model such as the SM-FEM 
employed here can thus help provide better clarity in 
understanding the transfer effects in practical rolling 
scenarios. 

2.3 Influence of reduction ratio on high-

fidelity transfer characteristics 

A case study with varying the reduction ratio (from the 
nominal) is carried out to investigate its influence. 
Recall from Table 2, the nominal reduction ratio is 
7.495% for the thick gauge, and 1.075% for thin 
gauge. Exit thickness is varied while maintaining 
entry thickness and other parameters constant to 
achieve the different reduction ratios.
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Fig. 9 (a) 𝑘𝑓1/𝑘𝑓2 ratio and; (b) RMS error in reduction deviation at different reduction ratios for thick gauge (2.576 mm); (c) 
Variation of contact force and penetration of work roll deviation into strip at normalized location +0.29 from mill center for SS 
301 thick gauge (2.576 mm) as a function of reduction (%). 

The normalized specific rolling force required to 
achieve the varying reductions based on the thick entry 
gauge for each material is listed in Table 9. Figure 9a 
shows the stiffness ratio 𝑘𝑓1/𝑘𝑓2 for each reduction 
ratio. It can be noted that the trend between the specific 
force and 𝑘𝑓1/𝑘𝑓2 ratio is different from the previous 
section (influence of 𝑑𝑤𝑟/𝑙𝑤𝑟  ratio) where both rolling 
force and 𝑘𝑓1/𝑘𝑓2 increased in similar fashion. 
Interestingly, this indicates that even though the 
rolling force required to achieve the specified 
reduction increases with increase in the reduction 
ratio, the effective stiffness ratio, 𝑘𝑓1/𝑘𝑓2, actually 
decreases, i.e., the strip “behaves” as softer. This is due 

to fact that with an increase in reduction ratio, the strip 
modulus (𝑘𝑓1) decreases while the elastic foundation 
of the work roll (𝑘𝑓2) increases, resulting in a decrease 
in the ratio overall. One reason behind the decrease in 
strip modulus is the reduced contribution from elastic 
recovery. Note also that the plot of 𝑘𝑓1/𝑘𝑓2 vs. 
reduction ratio exhibits a non-linear relationship 
whereby the rate of decrease in 𝑘𝑓1/𝑘𝑓2 diminishes 
with an increase in the reduction ratio. This effect can 
also be seen in the RMS error plot (Fig. 9b). Since the 
ratio 𝑘𝑓1/𝑘𝑓2 decreases, it implies the deviations of the 
work roll penetrate deeper into strip and thus increase 
the transfer efficiency and in turn the RMS error. It is 

evident from the 𝑘𝑓1/𝑘𝑓2 ratio that at greater reduction 
the work roll behaves relatively stronger against the 
strip. However, as the reduction ratio increases, or as 
larger plastic deformation takes place, the strip begins 
to act with greater apparent strength, thus impeding the 

transfer efficiency. The actual transfer is, however, a 
combination of the two counteracting effects, which is 
clearly seen in both the 𝑘𝑓1/𝑘𝑓2 ratio plot and the RMS 
error plot. With an increase in reduction ratio, the 
RMS error does increase, however, the rate of increase 
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Fig. 10 𝑘𝑓1/𝑘𝑓2 ratio and; (b) RMS error in reduction deviation for different reduction ratios for thin gauge (0.236 mm). 

 

diminishes as strain-hardening effects from large 
plastic deformation begin to dominate the combined 
effects. 

Table 9 Normalized specific rolling force values for varying 
reductions of the thick gauge (2.576 mm). 

Reduction 

(%) 

Normalized force (
𝑷𝒄𝑬 𝒘 × 𝟏𝟎𝟒) 

SS 301 Al 6061-O Cu 

3.000 0.36 0.18 0.12 
5.000 0.41 0.20 0.14 
7.495 0.45 0.22 0.15 

11.000 0.49 0.24 0.16 
15.000 0.53 0.26 0.17 

 

Comparing the three materials, the SS 301 and Al 
6061 show similar shapes in the RMS error plots, 
while for Cu, RMS errors increase abruptly at 5% 
reduction; thereafter, the change is relatively 
insignificant. Since Cu experiences the most change in 
the 𝑘𝑓1/𝑘𝑓2 ratio at this point, the effect is directly 
reflected on the RMS error values, while at reduction 
values beyond this Cu experiences relatively less 
change in 𝑘𝑓1/𝑘𝑓2. 

It is also intuitive to reason that the increased RMS 
error seen here is due to the increased force 
experienced by the high-fidelity roll diameter 
deviations; that is, with a larger force, work roll 
geometry peaks penetrate deeper into the strip surface, 
as has been indicated in past literature. However, this 
relationship is also complex. For example, Fig. 9c 
shows the relationship between the contact force at the 

interface on a particular deviation versus the error 
(penetration) in the thickness profile of the strip 
produced by that deviation (the deviation is located at 
normalized axial distance +0.29 from the mill center). 
It is evident from Fig. 9c that with an increase in 
reduction ratio, even though the force on the deviation 
at the interface increases, the error in exit strip profile 
created by that deviation increases non-linearly and 
with diminishing rate of increase. 

Table 10 Force values for specified reduction of the thin 
gauge (0.236 mm). 

Reduction 

(%) 

Normalized force (
𝑷𝒄𝑬 𝒘 × 𝟏𝟎𝟒) 

SS 301 Al 6061-O Cu 

0.500 0.41 0.04 0.04 
0.750 0.50 0.05 0.04 
1.075 0.60 0.05 0.05 
1.250 0.70 0.06 0.06 
1.500 0.79 0.06 0.06 

 

For the thin gauge cases (Fig. 10), the results are 
similar to those of the thick gauges. Table 10 lists the 
normalized specific rolling force values needed to 
achieve the specified reductions. However, a slightly 
more linear relationship between reduction ratio and 
RMS error is seen in the thin gauge case. If one briefly 
re-examines the thick gauge results in Fig. 9b, 
specifically the cases at lower reduction ratios (less 
than 5%), a similar linear trend to that of the thin gauge 
is observed. These results parallel observations made 
by investigators in [3]. In their analysis, it was 
observed that for a reduction ratio of less than 0.7%, 
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the texture transfer ratio had a linear relationship with 
the reduction ratio. It is also worth noting that, while 
the thin gauge Al 6061 and Cu here show the expected 
trend that is similar to that of the thick gauge, in the 
case of SS 301 there is a significant drop in the 𝑘𝑓1/𝑘𝑓2 ratio for the thin gauge case as the reduction 
ratio increases, even though the force values (Table 
10) do not increase considerably. This is due to the fact 
that in case of SS 301 both the strip and the work roll 
are composed of same material. However, there is 
significant work-hardening in the strip due to prior 
reduction, while work roll still exhibits its original 
(elastic) mechanical properties, i.e., the effective 
stiffnesses during rolling are still different between the 
elastic-plastic strip and elastic work roll. This is also 
seen in the RMS error plots where SS 301 experiences 
the least change in transfer behavior among the three 
materials. 

2.4 Influence of strip width on high-fidelity 

transfer characteristics 

A case study with varying the ratio of strip width to 
roll face length (𝑤/𝑙𝑤𝑟) is conducted to investigate the 
influence of strip width (roll face length is fixed) on 
the high-fidelity transfer. Unlike the earlier case 
studies involving work roll diameter and reduction 
ratio, the influence of strip width is more challenging 
to quantify and make reasonable conclusions from the 
observations due to the complexity in isolating the 
transfer effects. This is because the fixed positions of 
high-fidelity deviations along the work roll face make 
the parametric study difficult since varying the strip 
width changes the contact length; thus a wider strip is 
exposed to larger number of (and different) high-
fidelity deviations than a narrow strip, which 
confounds the comparison of transfer effects. 

 

Fig. 11 Different work roll profiles with identical contact 
region. 

A reasonable approach to quantify and compare the 
transfer effects is to calculate the RMS error in 
reduction deviation on the strip over a portion of the 
contact length that is common to all widths 
considered. Note that changes in the contact force 
distribution that particular roll diameter deviations are 
subjected to still occur for the different strip widths 
irrespective of any contact region examined. Two 
complicating phenomena worth mentioning, however, 
are 1) correlation between roll diameter deviations, 
wherein the influences of high-fidelity deviations at 
spatially different points have recently been shown to 
be coupled [23]; and 2) roll diameter deviations at 
locations that are not actually in the roll/strip contact 
region also influence the high-fidelity transfer due to 
bulk body deformation [23]. For instance, given the 
two different work roll profiles shown in Fig. 11, 
although identical within the roll/strip contact region, 
they result in a different exit thickness profiles 
characterized by RMS error of 3.03 × 10−4 for Profile 
1 vs. 3.61−4 for Profile 2 (18.62% difference) based 
on thick gauge Cu rolled with nominal parameters in 
Table 2. 

Despite the foregoing challenges, RMS error 
calculated with consideration of a common contact 
length can still provide insights regarding trends in 
high-fidelity transfer, including due to contact force 
and distribution changes with varying strip width. 
Figure 12a shows results for the thick gauge cases for 
an examined contact region spanning a normalized 
work-roll face length of -0.53 to +0.53. Note that the 
influence of strip width is similar for all the three 
materials. The relationship between 𝑤/𝑙𝑤𝑟  and the 
RMS error in reduction deviation is almost linear, but 
the gradient increases beyond a normalized strip 
width, 𝑤/𝑙𝑤𝑟 , of 0.6875, or when the strip width is 
about 2/3 the roll face length. This case study 
indicates that wider strip induces greater high-fidelity 
transfer than narrower strip even when the examined 
contact region is identical for the RMS error 
calculation. In the thin gauge cases (Fig. 12b), a 
similar trend is observed, again with increase in the 
gradient of RMS error for 𝑤/𝑙𝑤𝑟  exceeding 0.6875. 
As was seen in the previous case studies, the 
significantly work-hardened thin-gauge SS 301 strip 
exhibits much lower high-fidelity transfer compared 
to the Al 6061 and Cu. 

The reason for different gradients either side of 𝑤/𝑙𝑤𝑟 = 0.6875 lies in the natural deformation 
behavior of the mill and the accompanying contact 



Influence of Work-Roll Grinding Error and High-Fidelity Corrective Grinding in Cold Sheet Rolling 

20 

 

Fig. 12 RMS error in reduction deviation for different ratios of strip width to work-roll face length: (a) Thick gauge (2.576 mm); 
(b) Thin gauge (0.236 mm). 

 

 

Fig. 13 (a) Natural crown of strip versus strip width to work roll face length ratio; (b) RMS error in reduction deviation for 𝑤/𝑙𝑤𝑟 
ratio between 0.6875 and 0.7708. 

force distribution, which ultimately leads to well 
known “natural crowning” of the strip (in the absence 
of any corrective crown control mechanisms). Figure 
13a shows the natural crown for the different strip 
widths on the 4-high mill under consideration. It is 
evident that the nominal strip width corresponds 
approximately to the maximum relative crown (crown 
as ratio of entry thickness), while the other width cases 
produce smaller relative crowns. To more closely 
identify the normalized width at which the peak 
natural crown occurs, three more cases for 𝑤/𝑙𝑤𝑟  in 
the range 0.6875 to 0.7708 are examined (Fig. 13b). 
The maximum is subsequently observed for 𝑤/𝑙𝑤𝑟  of 
about 0.72 to 0.73. 

For further insight into the influence of strip width on 
the high-fidelity transfer, another case study involving 
only a single deviation (corresponding to the 
maximum deviation on the warm diameter work roll 
profile in Fig. 1c) present at different locations on the 
work roll face length was carried out for the thick-
gauge SS 301. Results from this study help reveal not 
only the relationship between the contact force and the 
high-fidelity transfer, but also the “efficiency” of 
transfer at different roll face-length locations. 

Figure 14a shows the RMS error for cases in which the 
location of a single (maximum) deviation is varied 
across the work-roll face length. Since, under ideal 
conditions with uniform rolls, the strip thickness 
would be symmetric about the mill center, nine cases 
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Fig. 14 (a) RMS error in reduction deviation for a single deviation at different locations; (b) Corresponding RMS value per unit 
normalized rolling force. 

for locations varying from the left strip edge to the mill 
center are assessed. Also, since the single deviation 
will not only induce transfers at its own location but 
rather along the entire strip width, due to correlation 
effects (but which are usually greater in the vicinity of 
roll deviation vicinity), the same RMS error metric is 
used for quantitative analysis. The plot in Fig. 14a 
shows that, although the single roll profile deviation is 
identical, its location has a significant impact on the 
extent of transfer. This difference stems from the bulk-
body mill deformation. To eliminate the effect of the 
different roll/strip contact force at the different 
locations, Fig. 14b provides the corresponding RMS 
error when calculated from ratio of normalized error 
to normalized contact force at each Gauss point in the 
SM-FEM model, i.e., at each Gauss point, the effect 
on the strip thickness profile is normalized in addition 
to normalizing the corresponding contact force at that 
point so that a non-dimensional value is obtained that 
represents the transfer effect per unit normalized 
contact force. It can be seen in Fig. 14b that, with such 
analysis, the location of the deviation in fact 
influences the transfer amount. It is worth noting here 
that this type of analysis is only possible with a 3D roll 
stack model; a plane strain model or other simplified 
models cannot reveal such effects. Considering the 
results in Fig. 14b, one may intuitively reason that the 
absence of a crown control mechanism such as work 

roll bending, which results in the large natural strip 
crown, is in fact the cause of such behavior. However, 
as is discussed in the next section, work roll bending 
has no effect on the RMS error in Fig. 14 (see Fig. 
15c,d). 

3 Work roll bending as corrective 

mechanism 

Although it is widely accepted in practice that work 
roll bending and other conventional flatness control 
mechanisms are not designed to address localized 
variations in thickness strain, the case studies in this 
section aim to clearly demonstrate this inability based 
on the high-fidelity roll grinding error represented in 
Fig. 1c. The parametric work roll bending studies in 
this section assume that the incoming strip inherits the 
thickness profile and mechanical properties based on 
output from prior rolling passes according to the 
nominal case parameters in Table 2 (e.g., Fig. 4a, b). 
Also, for the work roll bending analyses, all rolls 
(including the upper work roll) are now assumed to be 
perfectly smooth. Fundamentally, work-roll bending 
acts as a “low-frequency filter” for adjusting the strip 
profile and corresponding flatness; and, as will be 
shown, the previous transfer from such high-fidelity 
roll grinding defects discussed in this work remains 
virtually unaffected by work-roll bending effects. 

Figure 15a shows the combined reduction deviation 
(reduction deviation of the incoming strip plus 
reduction deviation induced by the current pass) for 
the thick gauge SS 301 with different amounts of 
work-roll bending. Since the incoming strip thickness 
profile is convex overall due to the natural crown, the 
outgoing strip in this case also exhibits a crown since 
the current reduction is more uniform due to the 

inclusion of work roll bending effects (Fig. 15b). 
However, the high-fidelity deviations from the roll 
grinding error transfer are not readily seen on the 
reduction deviation output in Fig. 15a). Note also that 
the height of the deviation peaks is attenuated in the 
current pass. References [8, 19, 33, 34] show similarly 
that roughness of the strip decreases after a rolling 
pass employing smooth rolls. From Fig. 15b, it is 
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Fig. 15 (a) Total reduction deviation (entry + exit); (b) Reduction deviation induced in the current pass for SS 301 thick gauge; (c) 
Relative difference in the reduction deviation of entry strip (from prior pass with roll grinding error) compared to ideal entry strip; 
(d) RMS error in reduction deviation for current pass considering various amounts of work-roll bending (WRB). 

evident that the reduction in the current pass is in fact 
not “smooth”; high-fidelity deviations in the current 
pass reduction are clearly seen. Now, if the relative 
difference is considered between the incoming high-
fidelity thickness profile (i.e., with roll grinding error) 
and an incoming ideal thickness profile (i.e., no 
grinding error), as shown in (Fig. 15c), then it is clear 
that the high-fidelity remains unaffected by work-roll 
bending. Indeed, Fig. 15c demonstrates that high-
fidelity deviations are unaffected at every value of 
work-roll bending applied since the relative difference 
plot is indistinguishable; and the RMS errors obtained 
are thus the same for the different values of work-roll 
bending (Fig. 15d). The thick gauge Al 6061 (Fig. 16) 
and Cu (Fig. 17) materials exhibit similar results to the 
SS 301, but since Al 6061 and Cu are much softer than 

the work-roll compared to SS 301, the extent of 
attenuation for Al 6061 and Cu is far greater than for 
SS 301. Even though the attenuation for SS 301 here 
is lower, the fact that the height of high-fidelity peaks 
on the incoming strip profile is less is the reason for 
the apparent lower deviation in the current pass.  

Similar to the foregoing results for thick gauges, the 
thin gauge SS 301 and Al 6061 cases are shown in 
Figs. 18 and 19, respectively. In the thin gauge cases, 
the high-fidelity transfer for Al 6061 and Cu (where 
Cu exhibits similar results to Al 6061 due to 
comparable strengths following work hardening) can 
be easily seen. For SS 301, however, the plots of 
reduction deviation are fairly smooth (both consider 
the current pass only with incoming deviations). 
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Fig. 16 (a) Reduction deviation induced in the current pass, and; (b) Total reduction deviation of Al 6061-O thick gauge (2.576 
mm). 

 

 

Fig. 17 (a) Reduction deviation induced in the current pass, and; (b) Total reduction deviation of Cu thick gauge (2.576 mm) 

The smoothness of the reduction deviation of the 
current pass implies it to be essentially a scaled profile 
of the incoming strip, hence there is no considerable 
thickness variation locally. Although the incoming 
strip contained very small high-fidelity roll grinding 
error transfer, the outgoing strip in this case has the 
negligible high-fidelity thickness deviations simply 
because the incoming deviations were negligible. 

4 Corrective work-roll grinding 

In the studies presented to this point, the degree of 
transfer from high-fidelity work roll grinding errors on 

                                                      
3 An effective and adequate debris removal system 
would be required 

to strip has been parametrically examined, and the 
prior section confirmed that work roll bending cannot 
remove high-fidelity thickness profile defects arising 
from the roll grinding error. The focus is now turned 
to a new way of addressing such high-fidelity 
deviations using a “corrective” work-roll grinding 
approach, which at some point could be implemented 
in-situ3 in a closed-loop flatness control system. The 
high-fidelity thickness profiles characterized earlier in 
Fig. 4a,b are now considered as incoming strip for a 
subsequent rolling pass in which the effectiveness of 
“engineered” corrective roll grinding profiles are 
investigated as to their capability to significantly 
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Fig. 18 (a) Reduction deviation induced in the current pass, and; (b) Total reduction deviation of SS 301 thin gauge (0.236 mm). 

 

 

Fig. 19 (a) Reduction deviation induced in the current pass, (b) Total reduction deviation of Al 6061-O thin gauge (0.236 mm). 

eliminate the high-fidelity strip thickness profile 
deviations. Corrective grinding profiles are imposed 
only on the upper work roll. Incoming strip without 
previous high-fidelity thickness profile deviations are 
also simulated here assuming perfectly smooth rolls in 
order to obtain a reference profile for effective 
comparison. Considering the possibility of corrective 
work roll grinding profiles, the presence of bulk body 
deformations such as bending, shear, and variations in 
Hertzian roll flattening, together with recently 
reported micro-to-macro scale coupling effects [23], 
necessitates the need to “engineer” the corrective 
grinding patterns rather than to simply apply scaled 
“mirror” image patterns of the defects. Indeed, a 3D 
model such as the SM-FEM formulation used in this 
work is prerequisite since 2D plane strain and 
otherwise simplified models lacking transverse 
behavior do not account for the 3D bulk body 
deformation. Moreover, contact force distributions are 

different for a strip rolled with a work roll containing 
high-fidelity deviations versus that with a smooth roll; 
and this phenomenon cannot be predicted by 2D 
models or models lacking sufficient transverse 
fidelity. One aspect of particular difficulty in 
designing a corrective roll grind profile is the 
correlation among spatially separated diameter 
deviations along the roll axis. The difficulty arises 
because the influence of transfer at one transverse (roll 
axis) location on the roll/strip interface affects the 
influence at all other locations on the interface. Hence, 
in the design of a corrective work-roll grinding 
pattern, points on the roll profile cannot be determined 
independently. The significance of this is that 
corrective grinding can also not be achieved by merely 
correcting for specific, individual deviations. Earlier it 
was even shown (Fig. 11) that details of work-roll 
profile at axial locations not in the strip contact region 
also influence the resulting contact force and exit 
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Fig. 20 (a) Reduction deviation, and; (b) Corrective work-roll grinding pattern for SS 301 thick gauge (2.576 mm). 

 

 

Fig. 21 Incoming and corrected reduction deviation for (a) Al 6061-O thick gauge (2.576 mm); (b) Cu thick gauge (2.576 mm); (c) 
Al 6061-O thin gauge (0.236 mm), and; (d) Corrective grind for work roll. 

thickness profile. With a corrective grinding profile 
applied to strip having high-fidelity defects, the 
correlation is more complicated since neither 
opposing surface has low-order surface geometry 

variation (i.e., neither is smooth). In this preliminary 
work, corrective work-roll grinding profiles are 
engineered by trial-and-error using the SM-FEM 
model, and the performance of these is compared to 
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roll profiles based on “mirror images” of the high-
fidelity strip profile defects imparted during the 
previous pass. The purpose is to highlight points made 
in the above discussion. 

Figure 20a shows the outgoing (exit gauge) reduction 
deviation from a SS 301 rolling pass with the same 
nominal parameters in Table 2 (except for thickness 
and corresponding force changes) based on a “trial-
and-error” corrective work-roll grinding pattern and a 
mirror image pattern according to the incoming strip 
profile reduction deviation from the prior pass. In Fig. 
20b, the corrective grinding pattern resembles a 
reduced scale mirror image of the initial warm work-
roll profile (in Fig. 1c), but it is in fact an adjusted 
profile that also accounts for the effects of non-
uniform deflections of rolling mill and its components. 

Table 11 RMS error in reduction deviation for passes with 
corrective work-roll grinding. 

Case 
RMS error 

Incoming Output 

SS301 thick 3.03 x10−4 1.46 x10−5 
Al 6061-O thick 3.33 x10−4 1.00 x10−5 

Cu thick 3.44 x10−4 7.36 x10−6 
Al 6061-O thin 1.12 x10−3 1.30 x10−4 

 

Figure 21 shows the incoming and outgoing (exit 
gauge) reduction deviations and the corresponding 
corrective work-roll grinding Cu (thin gauge Al 6061 
results are similar). Note that even though the 
incoming profile looks similar in each case (Fig. 
21a,b,c), the scales and range of the plots are different. 
The amplitudes of the deviations in the incoming 
profile in each case are different; thus, to correct for 
them adjustments have to be engineered according to 
the specific deviations and material properties (e.g., 
roll/strip stiffness ratio), particularly since the natural 
mill deflection behaviors are unique and lead to 
different corrective grinding patterns (Fig. 21d). Table 
11 lists the RMS error relative to that with perfectly 
smooth work rolls for both the incoming and outgoing 
strip condition. 

Even though the corrective roll grinding approach 
described here is a successfully demonstrated and 
novel concept, it presents a large number of technical 
challenges in terms of in-situ practical application. For 
instance, grinding tools and machines for such high-
precision grinding may render this approach infeasible 
at present. Even with such capability, the transient 

nature of work roll profile (for instance thermal 
expansions, wear) and of incoming strip profile 
requires such tools to be used online, which poses 
another dimension of challenges such as debris 
management, lubrication management, dynamic 
nature of mill, dynamic nature of the grinding 
operation itself, and their associated effects and 
influence on the strip evolution. 

5 Conclusions 

A comprehensive study of the transfer behavior of 
high-fidelity deviations from the work roll on the strip 
in a 4-high mill has been carried out using root-mean-
square (RMS) error in reduction deviation (with 
reference to smooth uniform roll case) as a metric to 
investigate the influence of rolling parameters such as 
work roll diameter, reduction ratio, strip width, and 
strip material strength. Application of the results from 
the detailed parametric studies is leveraged to provide 
fundamental insights into novel corrective work-roll 
grinding profiles that are shown to significantly reduce 
high-fidelity thickness profile defects from the rolled 
strip. In contrast to similar studies on the parametric 
influences of roughness in the field of texture transfer, 
the presented work illustrates the importance of 
effective isolation of the variables, and consideration 
of bulk body deformations such as bending, shear, and 
flattening in the transfer. This work also illustrates the 
capability of the 3D roll-stack SM-FEM model to 
effectively and efficiently predict the effects of high-
fidelity contact surface deviations and interactions 
where coupling effects exist between the micro- and 
macro-scale deformations under diverse varying 
conditions. Case studies carried out with an efficient 
3D roll-stack model formulated using the SM-FEM 
method culminate in the major findings listed below: 

 Bulk-body deformations can significantly 
strengthen or attenuate the high-fidelity deviations 
transfer. In the theoretical absence of bulk-body 
effects, the transfer mechanism is governed mainly 
by ratio of the elastic foundation stiffness of the 
strip (𝑘𝑓1) to the elastic foundation stiffness of the 
work roll (𝑘𝑓2). 

 The relationship between work-roll diameter and 
high-fidelity deviation transfer is found to be 
inversely proportional in general. The RMS error 
in reduction deviation decreases with an increase 
in work-roll diameter under the same rolling 
conditions. However, in case of softer materials, 
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the RMS error increases initially up to work roll to 
diameter ratio of 0.2375. 

 High-fidelity deviation transfer increases with an 
increase in reduction ratio; however, the 
relationship is fairly non-linear. The rate of 
increase in RMS error diminishes with an increase 
in reduction ratio due to strain hardening effects 
from large plastic deformation and the elastic 
recovery of the strip. 

 RMS error increases with wider strips; however, 
the results can be inconclusive since the reason for 
higher transfer might not be solely due to change 
in strip width. The ratio of strip width to roll face 
length inherently changes the natural crown of the 
strip, which can play a similar role to bulk-body 
deformation. 

 The thickness profile error produced on the strip by 
transfer of the high-fidelity work-roll deviations 
depends not only on the deviation height and 
loading condition but also significantly on the 
transverse location of the particular deviation along 
the roll face length, due to non-negligible bulk-
body deformation. 

 Because of the highly localized nature of the high-
fidelity defects, work roll bending is ineffective as 
a correction mechanism. While the 
amplitude/height of peaks on the strip diminish in 
a subsequent pass using perfectly smooth work 
rolls, the valleys remain unaffected. 

 Due to the presence of bulk-body deformation such 
as bending, shear and varying Hertzian flattening, 
the correction of such high-fidelity deviations on 
the strip cannot be made using a simple (scaled) 
mirror image of the incoming deviations. 
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