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a b s t r a c t

The residual stresses in a roll formed product play a critical role in determining the product quality. They
are generally very complex and frequently difficult to predict due to the complicated fabricating process
and its parameters. Consequently, they attract many concerns from roll forming scholars and engineers.
However, how to inspect the residual stresses in roll formed products efficiently and economically is still
a challenge. This paper introduces a novel, highly efficient, operationally simple and accurate residual
stresses measurement method for evaluating the residual stresses in roll formed products. It utilizes a
modification of the current sectioning methods to firstly obtain the membrane and bending residual
stresses components. Then a novel material removal approach, the tapered removal, is employed to
determine the layering stresses component by measuring the curvature variations of the remaining sam-
ple through its thickness direction. A practical implementation of the method is performed through the
residual stresses measurement of a typical roll formed square hollow section (SHS). The method is suc-
cessfully verified by the neutron diffraction method. The new method is expected to become a routine
measuring method to determine the residual stresses distribution in roll formed products, with poten-
tially significant impact on the roll forming industry.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Roll forming is a highly efficient fabricating method for mass
production of long and straight metal products. It can be under-
stood as a continuous bending operation which the metal strips
are progressively formed through consecutive sets of rolls into var-
ious profiles [1]. Although roll forming has been developed over a
century, there are still unsolved issues in predictability and control
of the redundant plastic deformation occurring during a roll form-
ing process due to relaxation between roll stands [2]. The distribu-
tion patterns of the residual stresses in a roll formed product are
generally very complex. And also, they might be difficult or time
consuming to predict through simulations due to complexity in
formalizing of all effects from various influencing factors and con-
ditions. Consequently, this becomes a bottleneck which greatly
restricts the development and application of roll forming. Specifi-
cally, the non-uniform plastic deformation results in the residual
stresses in a roll formed product. The distributions of residual
stresses are responsible for a series of typical roll formed product

defects and/or distortions from the desired product shapes, such
as curvature, end flare, edge wave, torsion, springback and so on
[3]. Thus, the residual stresses are regarded as the crucial factors
to judge the quality of a roll formed product. The residual stresses
maybe quite different depending on tooling design and manufac-
turing methods and conditions which brings more challenges to
the relevant measuring techniques [4]. Hence, a highly efficient
and accurate method for determining the residual stresses in roll
formed products is highly demanded from the roll forming
industry.

There are several techniques that are used to evaluate the resid-
ual stresses in roll formed products which are normally classified
as destructive and non-destructive techniques [5,6]. In destructive
methods, the residual stresses are determined by the variations of
the associated strains after creating a cut, hole, crack or removing
layers of material in the experimental specimens [7,8]. The applica-
tions of the destructive methods, such as, the hole-drilling, con-
tour, slit method and layer removal, are usually efforts and time
consuming, while being frequently limited by the low measuring
accuracy [9–10]. The most common non-destructive techniques
are the X-ray (laboratory x-rays and synchrotron radiation) and
neutron diffraction methods, having a relative high measuring
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accuracy, often just few MPa. However, the measurements require
sophisticated instruments, intensive training of operators and high
expenditure [11–12]. It should be mentioned that the laboratory X-
rays are well suited for stress measurements on surfaces while the
neutron diffraction method is better suited for measuring strains in
interior of samples [13].

The frequent limitations of the current measuring methods,
such as high cost, operational difficulties, time consumed, limited
measuring sample size range and unstable accuracy are still inevi-
table. To break the bottleneck of measuring the residual stresses in
roll formed products, a novel residual stresses measurement tech-
nique called the slope cutting method is proposed in this study,
which was specifically developed, adapted and optimized for stress
measurements in roll formed products. It was practically applied
and validated for the stress measurements in a typical roll formed
square hollow section (SHS).

The structure of the paper is as follows. The methodology of the
technique is firstly presented, followed by the detailed illustrations
of a practical implementation on a typical roll formed SHS. Then
the verification of the technique by the neutron diffraction method
is presented and discussed. Finally, some important conclusions for
future study are summarized. The study indicates that the method
has the potential to further being developed as a routine residual
stresses measurement technique for roll formed or similar cold-
formed products, having the advantages of high accuracy, low cost,
time-saving and satisfactory operational safety.

2. Methodology

Regarding an experimental measurement method as a basic and
feasible approach to study and understand the severity of the
residual stresses in a roll formed product [14], several variations
of the practical stress measurements for roll formed products have
been suggested over the years and the main principles and con-
cepts established. Weng et al. [4] performed an extensive experi-
ment on the measurement of the residual stresses in cold-formed
steel sections. The experimental specimens were obtained by a
wire cutter rather than by a conventional saw-cutting method to
reduce the external disturbance on the experiments. The authors
proposed a theoretical distribution of the residual stresses in roll
formed sections on the basis of their experimental results. Li
et al. [14] experimentally investigated the residual stresses of
two roll formed sections which were fabricated by different pro-
cesses using the X-ray diffraction method. They found that the
residual stresses along the longitudinal direction are greatly
affected by the forming processes. Through the strain gauge mea-
surement technique, the membrane and bending residual stresses
in a roll formed high strength SHS were experimentally explored

by Ma et al. [15]. They proved that the welding points were
expected to reveal the maximum residual stresses along the
perimeter of the sections.

A series of deformation types exist in roll forming due to the
severity of the material deformation during the forming process.
Halmos [16] pointed out all the other deformation types are redun-
dant deformation except for the transverse bending component.
The redundant deformation types are responsible for the severity
of the residual stresses in a roll formed section. Key et al. [17] per-
formed an experimental study on the residual stresses in a roll
formed SHS, and presented the idealized residual stresses distribu-
tion in the sections. It was summarized in the study that both the
longitudinal and transverse residual stresses in each side of a SHS
consist of three components: (1) membrane rm, (2) bending rb and
(3) layering stresses rl, as shown in Figs. 1 and 2. Following on
Key’s approach [17], a novel residual measurement method called
the slope cutting method is proposed in this study. It utilizes a
modification of the current sectioning methods [8–10] to firstly
obtain the membrane and bending residual stresses components.
Then a novel feature of the material removal approach, the tapered
removal, is employed to determine the layering stresses compo-
nent by measuring the curvature variations of the remaining sam-
ple through thickness direction. The components of the final
residual stresses rR of a roll formed product and their correspond-
ing measured approaches are graphically shown in Fig. 2.

3. Practical implementation

The methodology of the technique is illustrated through a prac-
tical implementation of the slope cutting method on a typical roll
formed SHS. The implementation consists of the longitudinal and
transverse membrane, bending and layering residual stresses mea-
surements. For roll formed products, both the residual stresses
along the longitudinal and transverse directions are significant

Fig. 1. The idealized residual stresses distribution [16].

Fig. 2. The final residual stresses and its decomposition into main components.
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