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The article is devoted to the study of the cladding layer thickness evolution during the hot rolling of a S355+316L 

clad plate. In the production of clad rolled products, the main challenge is the significant non-uniform deformation 

of the dissimilar layers, leading to an uneven cladding layer thickness, which is regulated by standards. The aim of 

the work was a comprehensive study of the co-deformation of the layers to analyze the influence of the reduction 

strategy on the formation of the cladding layer geometry and based on this, to develop practical recommendations. 

To achieve this goal, an integrated approach was applied, which included determining the rheological properties of 

the studied steels over a wide range of temperatures and strain rates, as well as developing and subsequent verification 

of a three-dimensional mathematical model of the rolling process using the finite element method in the ANSYS 

software package. The model was validated against data from laboratory and industrial experiments, showing an er-

ror in predicting the final cladding layer thickness of no more than 7 %. Using the verified model, a numerical study 

of three different reduction strategies was conducted: a standard one, one with large reductions in the initial passes, 

and one with small reductions at the beginning of the process. The simulation results showed that the cladding layer 

thickness is significantly non-uniform along the length and width of the rolled sheet. The relative strain ratio varies 

from :1.07 in the central part to 1.25–1.35 at the head and tail ends, leading to a difference in the cladding layer 

thickness of up to 24 %. It was found that the selected rolling strategies have an insignificant effect on the degree 

of this non-uniformity. The physical reason for the non-uniformity in the central part is the tensile stresses acting 

on the cladding layer from the base layer, while at the sheet ends the primary contribution comes from longitudinal 

metal flow and the “extrusion” effect. Based on the approximation of the shape of the thickenings, the amounts of 

crop required to meet standard requirements were calculated: :365 mm from the head and tail ends and :177 mm 

from each side edge of the sheet. The data obtained are of significant practical importance for optimizing the pro-

duction processes of clad rolled products.
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Introduction

In the modern metallurgical industry, bimetallic materi-

als with a 316L stainless steel cladding layer are widely used in 

the chemical, oil, gas, and energy sectors due to their unique 

combination of high corrosion resistance and mechanical 

strength [1–3]. The hot rolling process of such materials on 

plate mills, where the key mechanical properties of the final 

product are formed, is of particular interest [4].

The main challenge in the production of clad plates is the 

non-uniform deformation of the cladding layer and the base 

layer, caused by significant differences in their mechanical 

properties. Research shows that during rolling on plate mills, 

the 316L steel cladding layer can experience significant strain 

gradients, leading to local thickness reduction, waviness, and 

even loss of material integrity [5–7]. The rolling of asymmet-

ric clad slabs also leads to longitudinal bending of the rolled 

plate [8]. These defects significantly degrade the material’s 

performance and limit its application.

Literature data [9–12] indicate that the non-uniformity 

of deformation during rolling is determined by a combina-

tion of factors:

; Differences in the plastic properties of the layers at 

working temperatures.

; Conditions of contact friction at the interface and in 

the deformation zone.

; Geometric parameters of rolling (reduction ratio, 

thickness ratio of the layers).

This non-uniform deformation, in turn, necessitates se-

lecting the initial cladding layer thickness, calculating the 

sheet cutting layout considering the resulting thickness vari-

ation, and choosing corrective measures for flatness (such 

as roll speed mismatch, differential cooling of one of the 

surfaces, etc. [8]).

Study [13] notes that at low reduction ratios (20–35 %), 

the thickness ratio of the layers has little influence on bend-

ing. However, at high reductions (40–50 %), bending inten-

sifies with an increase in the thickness ratio. The best flatness 
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indicators are achieved with a roll speed ratio of 1.02 and  

a reduction of 40 %.

In [14], it is shown that the thickness of the cladding layer 

(Cr13 stainless steel) and the base (Q235 carbon steel) after roll-

ing depends on the reduction ratio. An increase in the reduc-

tion leads to a greater thickness difference between the layers.

The work [15] demonstrated that the thickness ratio of 

the layers after rolling is determined by the initial ratio and 

the reduction. Modeling shows that the final thickness ratio 

of the clad sheet slightly increases with increasing reduc-

tion but remains close to the initial value due to the material 

properties. For example, with an initial layer thickness ratio 

of 0.25, the final value changes insignificantly but becomes 

slightly higher than the initial one. The model’s predictions 

agree well with experiments, with an error of less than 12 %.

Most existing research is focused either on modeling in-

dividual aspects of the clad rolling process or on analyzing 

the properties of the final rolled product, while a compre-

hensive study of the cladding layer geometry and the process 

of its formation is insufficiently covered.

In existing standards (GOST 10885, API 5LD, ASTM 

A263), the cladding layer thickness is regulated as a range of 

acceptable thicknesses. This is necessary for several reasons:

; during the manufacture of the final product, the clad 

steel is subjected to various deformation operations – bend-

ing, rolling, pressing; 

; significant non-uniformity in the cladding layer thick-

ness can lead to distortion of the product’s shape during these 

processes.

With significant thickness variation, a reduction in load-

bearing capacity is possible in certain cross-sections, as the 

mechanical properties of some stainless steels are lower than 

those of carbon steels.

For manufacturers of clad steel, it is important to know 

the distribution of the cladding layer thickness to select the 

optimal initial cladding layer thickness, as well as to deter-

mine the crop amount to reduce the conversion factor and 

production cost.

Studies [16–18] have investigated the strain ratio between 

cladding and base layers made of different materials. From 

the conducted research, it is known that during asymmetric 

rolling, the thickness of the cladding layer is non-uniform 

along the length and width, necessitating the development of 

a production technology that accounts for the requirements 

regarding cladding layer thickness uniformity.

This article presents experimental and computational 

studies of the co-deformation of a 316L steel cladding layer 

and an S355 steel base layer during rolling on a plate mill. The 

influence of the distribution of the reduction across passes 

(reduction strategy) on the thickness variation of the clad-

ding layer is analyzed. Furthermore, based on the research 

data, conclusions are drawn regarding a rational reduction 

strategy from the standpoint of achieving a uniform cladding 

layer thickness, along with recommendations for determin-

ing the crop amount from both the head and tail ends as well 

as the side crop. The task of determining the crop amount 

involves selecting such a “setback” from the edges of the clad 

sheet that ensures the specified tolerance requirements for 

the cladding layer thickness are met.

To achieve the stated goal, the following tasks were solved:

1. The rheological properties of the investigated steels were 

determined over a wide range of strains, strain rates, and 

temperatures using thermomechanical testing and physi-

cal modeling.

2.  A mathematical model for the hot rolling of clad plates  

was developed based on the finite element method (FEM).

3. The model was verified using data from industrial and 

laboratory rolling cases for the studied product range.

4. Rolling simulations with different deformation strategies 

were performed (see Table 1):

  Table 1. Studied reduction strategies

Pass No.
Typical Schedule High reduction in beginning Low reduction in beginning

Thickness, mm Reduction, % Thickness, mm Reduction, % Thickness, mm Reduction, %

1 2 3 4 5 6 7

0 257.0 – 257.0 – 257.0 –

1 216.0 16 218.5 15 239.0 7

2 197.3 9 185.7 15 222.3 7

3 179.8 9 157.8 15 206.7 7

4 161.8 10 134.2 15 192.2 7

5 143.6 11 124.8 7 178.8 7

6 125.3 13 109.8 12 166.3 7

7 110.3 12 96.6 12 154.6 7

8 97.0 12 85.0 12 143.8 7

9 85.4 12 74.8 12 133.7 7

10 75.1 12 65.8 12 124.4 7

11 66.1 12 57.9 12 109.5 12

12 58.2 12 51.0 12 96.3 12

13 51.2 12 44.9 12 84.8 12
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; With a high reduction in the first 1–2 passes and uni-

form reduction thereafter (a typical strategy for rolling 

clad plates);

; With a low reduction in the first 10 passes;

; With a high reduction in the first 5 passes.

5. Technological recommendations were developed for 

selecting the reduction strategy and the crop amount 

to ensure the required uniformity of the cladding layer 

thickness.

Materials and methods

The study investigated the deformation resistance of S355 

and 316L grade steels under various deformation conditions. 

The chemical composition of these steels is presented in the 

Table 2.

transportation time of the slab from the furnace to the rolling 

stand. To determine the initial temperature of the workpiece 

before the finishing passes, a holding period was simulated in 

accordance with the experimental data.

The thermal properties of the materials were defined as a 

function of temperature at the element nodes and in accord-

ance with data from [27].

The relationship between stress and strain in the strip ma-

terial was defined using an elastic-plastic material behavior 

model. The plastic properties were assigned based on data 

obtained from the Gleeble system. The elastic modulus was 

set as constant and equal to 5×10�< Pa. Poisson’s ratio was 

taken as 0.3.

The shape of the cladding layer after rolling was investi-

gated in the front, rear, middle, and side sections. The study 

zones are schematically shown in the Fig. 2.

Model validation

The model was verified against laboratory and industrial 

experiments previously conducted by the authors and de-

scribed in detail in [19].

Laboratory samples with a total thickness of 73.5 mm, 

a cladding layer thickness of 14.8 mm, a width of 100 mm,  

and a length of 200 mm were rolled according to five re-

gimes listed in Table 3. The base layer was made of steel grade 

09G2S, and the cladding layer was made of 316L.

The following values for the cladding layer thickness at 

the center of the samples were obtained (Table 4) the in-

dustrial case, a strategy analogous to the one designated as 

“standard” in Table 1 was used. The initial workpiece thick-

1 2 3 4 5 6 7

14 45.1 12 39.5 12 74.6 12

15 39.7 12 34.7 12 65.6 12

16 34.9 12 30.6 12 57.8 12

17 30.7 12 – – 50.8 12

18 – – – – 44.7 12

19 – – – – 39.4 12

20 – – – – 34.6 12

21 – – – – 30.5 12

  Table 2. Chemical composition of studied steel grades

C Si Mn Cr Mo Ni Nb Ti V

316L 0.02 0.54 1.37 18.6 2.69 11.97 – – –

S355 0.11 0.55 1.63 0.03 – 0.01 – 0.005 –

Mathematical models were developed using the Finite 

Element Method (FEM) in ANSYS, employing eight-node 

elements for 3D modeling. The model did not assume hori-

zontal symmetry due to the differences in properties between 

the base and cladding layers, but utilized longitudinal sym-

metry to reduce computation time.

The material properties for steel grade 316L and the finite 

element model were defined based on the authors’ previous 

works [16–18]. The properties for steel grade S355 were cal-

culated based on the model presented in [19].

General model parameters (a general view of the model 

is shown in the Fig. 1): 

;   The model consists of six bodies: a pusher, the work-

piece, two tables (before and after the stand), and the 

top and bottom rolls. All bodies except the workpiece 

are rigid and are not meshed.

;   The workpiece was modeled by meshing the cladding 

layer with weld seams into 8970 elements.

;  The base layer was meshed into 22,500 eight-node 

elements.

;   Boundary conditions were added to account for gravity.

;  Friction in the model was defined according to Sie -

bel’s law [20–26].

To obtain the initial temperature field of the strip, a hold-

ing time of 70 s was simulated, corresponding to the average 

Fig. 1. General view of the model: 1 – front table rolls,  

2 – rear table rolls, 3 – top work roll, 4 – bottom work 

roll, 5 – pusher, 6 – clad slab
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ness was 257 mm, with a cladding layer thickness of 35 mm. 

The base layer was made of pipe steel grade with a strength 

class of K60, and the cladding layer was made of 316L. The 

simulation resulted in a cladding layer thickness of 3.44 mm, 

while the industrial sample measured 3.5 mm.

On average, the error in determining the thickness of the 

cladding layer was 3.4%, with a minimum error of 2.5% and 

a maximum of 7%. This accuracy is considered sufficient for 

assessing the influence of the main rolling process parameters 

on the deformation of the cladding layer in an industrial setting.

Modelling  results

To solve the main task – determining the strain ratio of 

the base and cladding layers – let us introduce the concept 

of relative strain. This is defined as the ratio of the relative 

thickness of the cladding layer at the start of deformation 

to the relative thickness of the cladding layer at the end of 

deformation:

 

where                , ,                   are the initial total thickness and  ini- 

tial cladding layer thickness             ,  is the total thickness of 

the rolled product in the i-th pass,               is the cladding layer 

thickness in the i-th pass.

The total logarithmic strain is adopted as the argument 

for analyzing the co-deformation of the base and cladding 

layers:

 

 
(2)

Fig. 3 shows the dependence of the relative strain coef-

ficient on the total logarithmic strain for the three considered 

strategies in the front, rear, and side sections of the rolled 

product.

The fluctuations in the calculated values are caused by 

inaccuracies in both the direct calculation of the cladding 

layer thickness and the finite element method (FEM) calcu-

lation due to variations in the peak position resulting from the 

discrete nature of the process (different entry conditions into 

the deformation zone caused by the time step).

As can be seen from Fig. 3, the mutual deformation coef-

ficient increases sharply in the first 2–3 passes for all inves-

tigated positions. Subsequently, for the central position, it 

increases very slowly from 1.035 to 1.074 (on average for the 

three strategies). For the front, rear, and side parts, a more 

pronounced increase to values of 1.25–1.35 is characteristic, 

with a lower value for the side part.

In the central part during the initial passes, there is a pos-

sibility of the less strong base layer (S355 steel) being “ex-

truded” by the stronger cladding layer, which forms the main 

Fig. 2. Investigation points for the shape and thickness of the 
cladding layer

Table 3. Rolling regimes on the laboratory mill

Pass 

No.

1 2 3 4

t,°С h, mm �, % t,°С h, mm �, % t,°С h, mm �, % t,°С h, mm �, %

1 1200 56.7 23 1200 57.0 22 1200 57.0 22 1200 57.0 23

2 – 43.9 23 – 43.9 23 – 43.9 23 – 43.9 23

3 956 34.0 23 942 37.3 15 931 34.0 23 928 34.0 23

4 – 26.0 23 – 31.7 15 – 27.7 19 27.7 19

5 – 20.0 23 – 27.0 15 – 23.4 16 882 23.4 16

6 908 15.6 23 – 22.9 15 – 20.3 13 – – –

7 – – – – 19.5 15 855 17.9 12 – – –

8 – – – – 16.5 15 – – – – – –

9 – – – – 14.0 15 – – – – – –

10 – – – 795 12.0 14 – – – – – –

  Table 4. Comparison of simulation results and laboratory experiments

Sample № Calculated Clad layer final thickness, mm Measured Clad layer final thickness, mm

1 4.84 4.90

2 4.10 4.00

3.4 5.51 – 5.58 5.60

5 7.05 7.10
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non-uniformity of deformation. This effect manifests itself 

in the following ways:

; The cladding layer is “indented” into the base layer as 

the surface area of the rolled product increases due to the 

underlying layers of the base layer reaching the contact sur-

face with the rolls.

; The formation of a bend in the rolled product (i.e., the 

base layer experiences greater elongation).

During subsequent deformation, the cladding layer de-

forms almost identically to the base layer due to the action 

of frictional forces on the surface of the rolled product from 

contact with the rolls. These forces prevent the metal from 

flowing freely and thus prevent greater deformation of the 

stronger layer. The deformation of the cladding layer occurs 

due to the action of tensile stresses from the base layer.

Fig. 3. Dependence of the mutual deformation coefficient for 
the standard reduction strategy (a – standard strategy, 

b – large reductions, c – small reductions)

a

b

c

Fig. 4. Distribution of the total plastic strain after one pass

Fig. 4 shows the distribution of the total plastic strain after 

the second pass using the standard strategy. It is evident that 

the cladding layer is more heavily deformed in the center 

than at the head and tail ends, while in the center, the defor-

mation of the base and cladding layers is similar.

Fig. 5 shows a comparison of the stresses arising in the 

central and front parts of the workpiece. The images a, b dis-

play equivalent stresses in the central and front parts; a lower 

average stress in the front part can be noted, related to the 

reasons described above – the stronger cladding layer “ex-

trudes” the material of the base layer towards the front end 

of the workpiece. The images c, d show stresses along the Oy 

axis which are distributed similarly through the deformation 

zone for the two positions, with larger values for the central 

position. The images e, f) show stresses along the Ox axis. 

Larger values in the central section are evident.

For the front and rear parts, as well as for the middle 

part, there exists the possibility of the less strong base layer 

(S355 steel) being “extruded” by the stronger cladding layer 

due to the elongation of the base layer and the transition of 

deeper layers to the contact surface with the rolls. This effect 

is observed from pass to pass with gradual attenuation. Due 

to the different stress-strain state in the first pass, the front 

part of the cladding layer receives less deformation than the 

rear part, and this difference persists until the end of the roll-

ing process. 

Fig. 6 shows the variation of stresses along the Ox axis for 

the front and middle sections during the rolling process. The 

Fig. 5. Distribution of equivalent stresses for the central and 
front positions (a, b), distribution of stresses along the 
Oy axis (c, d) and along the Ox axis (e, f)
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general character of the stress variation is similar for both 

positions; however, larger tensile stresses can be noted for the 

middle section – the average value of tensile stresses (at the 

position where stresses are maximum) in the cladding layer is 

42 % greater (81 MPa compared to 57 MPa in the front part), 

which explains the greater deformation of the cladding layer 

in the middle. For the rear part of the rolled product, the ratio 

of tensile stresses to the middle part is analogous.

Comparing the different strategies, minor differences in 

the relative strain coefficients can be noted across all inves-

tigated sections. The maximum value of the coefficient =�in 

the central section is the highest (1.084) for the strategy with 

large reductions and the lowest for the strategy with smaller 

reductions (1.069). Given initial thicknesses of the base and 

cladding layers of 229 mm and 35 mm respectively, this dif-

ference translates to a difference in the final cladding layer 

thickness of 0.05 mm – 4.49 mm and 4.54 mm respectively, 

or 1%. For the front, rear, and side parts, the difference in 

coefficients is even smaller and can be attributed to simula-

tion error.

For the head and tail ends, the coefficients range from 

1.29 to 1.35, which corresponds to a cladding layer thickness 

of 5.42–5.67 mm. The difference in thickness between the 

front, rear, and middle parts is more than 1.1 mm or 24%.

In practice, a safety margin is always used when calcu-

lating the final cladding layer thickness, typically around 

+10 %. Considering the maximum calculated non-uniform-

ity of 24 %, the total excess of the cladding layer thickness  

over the target value can reach up to 34 %, which is signifi-

cantly higher than the allowable limit (approximately 25 % 

according to GOST 10885).

The conducted modeling revealed the following lengths 

of the thickened sections of the cladding layer, Fig. 7 sche-

matically shows a cross-section indicating the shape of the 

cladding layer at the edge of the strip. Length l1 is the total 

length of the thickened zone, l2 is the distance from the edge 

of the cladding layer to the point where its thickness reaches 

a permissible value, and l3 is the location of the maximum 

cladding layer thickness.

The simulation yielded the following values for the 

lengths of the thickened sections of the cladding layer, see 

Fig. 6. Variation of stresses along the Ox axis for the middle section (a) and variation of stresses along the Ox axis for the front 
section (b)

Fig. 7. Description of the cladding layer shape
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Table 5 (values for the standard strategy are shown, as they 

were similar to the other cases, much like the layer thickness 

values).

The shape of the cladding layer at the head and tail ends 

is described by a third-order curve:

t h = 121.99 � l 3 – 149.62 � l 2 + 52.001 � l – 0.0825 (3)

where  t h – clad layer thickness,  l  – distance from the be-

ginning of clad layer.

Considering that the allowable excess thickness of the 

cladding layer, taking into account the existing margin, re-

sults in an additional possible excess of 0.45 mm, which, ac-

cording to equation (3), necessitates cropping 365 mm of 

the cladding layer.

For the side section, the values of l1 and l3 remain practi-

cally unchanged after the third pass and are equal to 120 mm 

and 201 mm, respectively. The formula for describing the 

shape of the irregularity is:

t h = 395.86 � l 3 – 391.23 � l 2 + 84.941 � l – 0.0593 (4)

In a similar formulation, 177 mm must be trimmed off.

Conclusions

1. A 3D finite element model of the hot rolling process for 

bimetallic sheet has been developed and verified, adequately 

describing the co-deformation of the dissimilar layers. The 

model’s error in predicting the final cladding layer thickness 

does not exceed 7 % compared to laboratory and industrial 

data.

2. It has been established that the cladding layer thick-

ness is non-uniform along the length and width of the rolled 

sheet. The relative strain coefficient (=) varies from ~1.07 in 

the central part to 1.25–1.35 at the head and tail ends, lead-

ing to a difference in cladding layer thickness of up to 24 %.

3. It has been demonstrated that the three investigated 

rolling strategies (standard, with high initial reductions, with 

low initial reductions) have an insignificant influence on the 

degree of cladding layer thickness non-uniformity. The maxi-

mum difference in the final thickness in the central part was 

only about 1 %.

4. The physical causes of the non-uniformity have been 

identified:

; In the central part, the primary mechanism is the ten-

sile stresses acting on the cladding layer from the base layer 

during its deformation.

; At the head and tail ends, the main contribution comes 

from longitudinal metal flow: the stronger cladding layer 

(316L) hinders deformation, while the base layer elongates 

due to bending and the movement of deeper layers to the 

surface, leading to significant thickening of the cladding layer 

ends.

; Analysis of the stress state confirmed that the tensile 

stresses in the cladding layer in the central part are 42 % 

higher than at the ends, explaining its greater deformation 

in the middle of the sheet.

5. Considering the standard margin for cladding layer 

thickness (~10 %) and the identified non-uniformity (up to 

+24 %), the total thickness excess can reach 34%, which is 

unacceptable for most standards.

6. Based on the approximation of the thickening shapes, 

it has been calculated that for the investigated combination 

of thicknesses and steel grades of the clad product, compen-

sating for the non-uniformity requires cropping the cladding 

layer:

; ~365 mm from the head and tail ends of the sheet.

; ~177 mm from each side edge of the sheet.
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