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Abstract
Background  The modelling of the sheet metal forming operations requires accurate and precise data of the material plastic 
behaviour along non-proportional strain paths. However, the buckling phenomenon severely limits the compressive strain 
range that could be used to deform thin metal sheets.
Objective  The main aim of this paper was to propose an effective device, that enables to determine of accurate stress-strain 
characteristics of thin metal sheet specimens subjected to axial deformation without buckling and with a special emphasis 
on friction correction.
Methods  In this paper, an anti-buckling fixture was proposed to assess the deformation characteristics of X10CrMoVNb9-1 
(P91) power engineering steel, and DP500 and DP980 dual-phase steels, under compression loading. The fixture enables 
monitoring of the friction between the specimen and supporting blocks during the test, and thus the precise stress response 
of the material could be determined.
Results  The effectiveness of the fixture was evaluated under tension–compression cyclic loading and during the compression 
tests in which high-strength thin metal sheets were successfully deformed up to 10% without specimen buckling. Furthermore, 
the successful determination of a friction force variation between supporting blocks and the specimen during tests enabled 
to determine an actual force acting on the specimen.
Conclusions  The proposed testing fixture was successfully assessed during the compression and cyclic tension–compression 
of high-strength thin metal sheets as no buckling was observed. Its advantage lies in adapting to change its length with speci-
men elongation or shrinkage during a test. The friction force generated from a movement of both parts of the device could be 
effectively monitored by the special strain gauge system during testing and thus its impact on the stress-strain characteristics 
could be successfully eliminated.
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Introduction

Sheet metal forming processes are commonly used in 
automobile and aerospace industries to fabricate lightweight 
and high-strength structural components [1]. Such processes 
include forming and cutting operations of thin metal sheets to 
form the component with the desired geometry. Nowadays, 
sheet-forming processes are supported by finite element (FE) 
simulations to improve their efficiency and as a consequence 

reduction of a manufacturing cost of the components formed 
[2]. The parameters implemented into FE software are mainly 
determined from the experiments including uniaxial testing 
[3]. The uniaxial tensile tests could be effectively executed 
on thin metal sheets, however, the compression testing is still 
limited due to the buckling effect. Therefore, in order to clearly 
define the compression deformation behaviour of sheet metals, 
many attempts have been made to overcome such a problem. 
Zhou et al. [4] used LS-DYNA implicit solver to optimize 
the specimen geometry and further calculate the normal and 
frictional forces during compression of AZ31B cast-rolled 
sheet. Such simulations were successfully validated during 
experimental tests by subsequent comparison of the stress-
strain curves obtained by using the new method proposed 
by the authors and state-of-the-art methods. Jadhav et al. 

 *	 M. Kopec 
	 mkopec@ippt.pan.pl

1	 Institute of Fundamental Technological Research Polish 
Academy of Sciences, 5b Pawińskiego Str., 02‑106 Warsaw, 
Poland

http://crossmark.crossref.org/dialog/?doi=10.1007/s11340-023-00969-4&domain=pdf
http://orcid.org/0000-0001-9565-3407


	 Experimental Mechanics

[5] presented applications of finite element simulation in 
the development of advanced sheet metal forming processes 
during which two different blanks of 22MnB5 with 1.5 mm 
and 1.6 mm thickness were used to manufacture a B-pillar. 
The authors highlighted, that the friction condition affects 
the surface quality of the product, tooling life, efficiency, 
and stability of processes [5]. Ayllon et al. [6] developed 
a compression test system with load application in the 
in-plane sheet directions, which was calibrated using finite 
element simulations. This research accurately identified the 
asymmetric tension–compression phenomena for six materials 
with different plastic deformation characteristics. Jiang and 
Xie [7] summarized applications of finite element analysis in 
multiscale metal forming processes with their experimental 
validation. The authors concluded, that friction variation 
modelling could produce a more accurate model which could 
further improve the accuracy of simulation results. Zhan et al. 
[8] proposed a finite element (FE) model for sheet specimens 
to investigate the deformation behaviour during compression. 
During the FE computations, four defect modes, including 
plastic t-buckling, micro-bending, w-buckling, and in-plane 
compression deformation were defined for sheet specimens. 
The authors have found that a successful compression process 
without failures can only be carried out if a reasonable side 
force is acting [8]. The experimental verification of such 
simulations was previously shown by Boger et al. [9]. In 
their work, a new method for measuring continuous tension/
compression curves of sheet metal using a tensile frame and 
some simple tooling with additional corrections for friction 
and off-axis loading has been developed, however, within the 
limited strain of up to 4%. Bae and Huh [10] proposed a spring-
loaded clamping device to suppress T-buckling for the tension/
compression test. The strain in the gauge region was measured 
by using a digital image correlation (DIC) method to overcome 
the structural problems associated with the application of 
conventional contact-type extensometers during the test. Such 
a device was further improved by Joo et al. [11] who developed 
a new clamping device for compression tests to suppress a 
specimen from thickness-directional buckling with H-shaped 
clamping plates optimized for the DIC application. This device 
was dedicated to the high-speed material testing machine at 
intermediate strain rates. The frictional force was however not 
measured during the tests and the analytical correction using 
the Coulomb friction law was used in calculations. On the 
other hand, Stoudt et al. [12] proposed a complex uniaxial 
tension/compression test which was mainly limited by the 

attachment of the apparatus to the specimen before and during 
testing. An undesirable friction force generated from contact 
between the setup and specimen requires extensive calibration 
for compensation. On the contrary, Chang et al. [13] proposed 
a tension–compression testing device possessing friction-
counteracting and anti-buckling supporting blocks. This 
method, however, requires an additional test to estimate the 
friction force between supporting plates and the specimen. 
Although many approaches have been made to assess the 
thin metal sheet behaviour under compressive loading, the 
measurement of friction force between the specimen and 
supportive parts remained an uncertain factor, that affects the 
deformation characteristics significantly.

Therefore, in this paper, an anti-buckling device was pro-
posed for the effective characterization of the metal sheets’ 
deformation processes. In this patented fixture, a friction 
force between the specimen and supporting blocks could 
be effectively monitored during the test. Such an advantage 
enables the determination of the actual force interacting with 
the specimen.

Materials and Methods

Materials

In this research, P91 power engineering steel and two grades 
of dual-phase steel (DP500 and DP980) were used to con-
firm the device’s effectiveness in a wide deformation range 
of up to 10%. P91 high strength steels are mainly used for 
superheater and reheater in power plant boiler construc-
tion, headers, and main steam pipelines while DP steels has 
been widely used for lightweight constructions due to their 
good combination of strength and stampability. The speci-
mens were fabricated with respect to their rolling direction. 
Their different thicknesses were selected on purpose and 
for DP500, DP980 and P91 were equal to 2 mm, 0.80 mm 
and 1.50 mm respectively. The chemical composition of the 
high-strength metals used to assess the effectiveness of the 
device proposed was presented in Table 1.

General View and Principles of the Fixture

The current prototype of the anti-buckling testing fixture 
was designed for the MTS 810 testing machine (MTS Sys-
tem, MN, USA) with the side-loaded hydraulic wedge grips. 

Table 1   Chemical composition 
of materials (wt%)

Element C Si Mn P Al V Ni Cr Cu Fe

DP500 0.06 0.31 1.20 0.07 0.20 0.01 0.04 0.03 0.01 bal.
DP980 0.10 0.90 2.50 0.03 0.05 0.01 0.01 0.25 0.15 bal.
P91 0.12 0.25 0.39 0.01 - 0.29 0.18 8.31 0.15 bal.
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The mechanical tests were performed under displacement 
control using an MTS extensometer (MTS System, MN, 
USA) calibrated for the ± 0.2 strain range.

In this patented fixture [14], the specimen (Fig. 1(a), (f) 
– marked as “1”) is side-supported by two sets of thin plates 
(Fig. 1 – marked as “8”) rotated with respect to each other 
by 180° and located perpendicularly to its surface. Two pins 
are used to position each set. The first pin is installed in the 
pinhole at one end of the plate. On the opposite side of the 
plate, the second pin is inserted into a U-shape cut. Further-
more, the upper and lower yoke is used to support both these 
pins. The proposed design of the fixture enables the applica-
tion of both, pure compression and cyclic tension–compres-
sion for the thin sheet specimen testing under a wide strain 
range. Effective testing without buckling could be performed 
by coupling with wedges of the side-supporting blocks and 
the testing machine’s standard grips. The complete assem-
bly of the sliding block is then fixed to the testing machine 
using screws (Fig. 1 – marked as “19”), and a base (Fig. 1 
– marked as “15”). The device’s most important feature is 
its automatic alteration and adaptation of its length during 
tests, depending on the loading type, which leads to speci-
men elongation under tension or shrinkage under compres-
sion. The next crucial characteristic of the device is the fact, 
that makes it possible to measure the friction force, which is 
generated due to the movement of its parts. The measurement 
of the friction force is realized by strain gages cemented to 
the connector (Fig. 1(a) – marked as “23”) and calibrated in 
the range of ± 2 kN.

Assembly of the Fixture on the MTS Tensile Frame 
Equipped with Hydraulic Grips

Exploded and actual view of the setup during testing was 
presented in Fig. 1(d), (e). In order to successfully fix it to 
the testing machine, springs from the spring posts on the 
wedges should be disconnected at first, and then the standard 
wedges from chambers of the upper and lower grip should 
be removed (Fig. 2(a), (b)). Subsequently, the base of the 
fixture (also marked as “15” in Fig. 1) is placed into the slot 
at the upper surface of the piston, as shown in Fig. 2(c), and 
screwed with two of ¼” screws. These screws prevent the 
base from sliding and further enable axial load to be trans-
ferred by the presser of wedges. In the next step, a thin coat 
of lubricant is applied on the edges which contact the sur-
faces of the chamber and base “22″ of the delivered wedges. 
They are then placed in a slot of the base and connected 
the springs with the spring post-located on the correspond-
ing wedge. These manual steps are repeated for the second 
hydraulic grip. Finally, a drop of oil is applied in the middle 
of the measuring part of the specimen, which is then covered 
both by a thin teflon tape. Once the specimen is prepared, it 
is slid into the slot of the test fixture by adding or removing 

inner plates, and inserting it in place of the removed inner 
plates the distance pads of adequate sizes (inner plates 
– item 7, outer plates – item 8, 9, brackets – item 11, 12, and 
distance pads – item 10, if necessary), so that the measuring 
part of the specimen could be supported by an appropriate 
number of plates as shown in Fig. 2(d).

The teflon tape from both surfaces of the specimen 
remaining outside the fixture should be cut off and removed. 
The brass plate is subsequently removed since it only limits 
the movement of two parts of the fixture and guards again-
stthe accidental separation of the fixture into two parts. The 
four metric bolts M4 are screwed by means of the dynamo-
metric wrench using a torque magnitude depending on speci-
men tested and direction of the first load. Suggested values 
are within the range of: 5 ÷ 7.5 cNm in the case if tension 
starts a loading program, and 2 ÷ 3 cNm in the case if com-
pression starts a loading program. In each case it is neces-
sary to select the accurate torque magnitude using the “trial 
and error” method. The specimen mounted in the fixture is 
placed into the MTS lower grip as shown in Fig. 2(f). The 
slot of the measuring bar (item 14) is placed with the strain 
gauge system on the lower bracket 1 and 2 (items 11 and 
12) of the fixture, and four metric bolts M5 (item 19) are 
inserted. The lower and upper bolts connecting the measur-
ing bar and the fixture are screwed tightly. In such a case, 
force is not transferred by friction, but by lock rabbet joint 
(see Fig. 2(f)). Using a piece of metal sheet, or a leaf of a 
feeler, a clearance of 0.15 ÷ 0.2 mm between the upper side 
of the wedge and the lower surface of the fixture must be 
ensured. Such clearance enable a proper measurement of 
the friction force. The same procedure is used for the upper 
grip – Fig. 2(g). Once, the rig is placed in the testing area, 
hydraulic pressure is applied and the grips are locked. Sub-
sequently, the extensometer is attached to the side surface in 
the middle of measuring part of the specimen using rubber 
bands or springs as shown in Fig. 2(h). The designed kit, 
consisting of two extensometer knives with long arms for 
the extensometer, a half-cylinder with the sliding surface 
for the rubber bands to be mounted using the steel angle 
bar, as shown in Fig. 2(h), may facilitate this action. The 
system is now ready for testing and a standard programme 
for compression testing could be used. The proper limits on 
displacement, force and strain should be set to protect the 
fixture against damage.

Friction Force Measurement

The friction force is measured by the sensor consist-
ing of eight strain gauges. These gauges are cemented 
to both surfaces of two measuring bars, that connect 
the base with the lower part of the fixture (Fig. 3(a)). 
Specially designed strain gauge system (Fig. 3(b)) was 
used to measure a friction force generated during a rigid 
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Fig. 1   Engineering drawing of the fixture with numbered component 
parts as seen in left side: 1,2,3,4,5,6 - six types of specimens, 8, 9 – 
outer plates, 14 – measuring bars, 15 – base, 16 – wedge, 17 – bolt 
for springs, 18 – screw M4, 19 – screw M5, 20 – screw ¼”, 21 – brass 
plate, 23 – strain gauge cemented to the connector (a); seen in front 
side (7 – inner plates, 8, 9 – outer plates, 11 – bracket 1, 14 – measur-

ing bars, 15 – base, 16 – wedge, 17 – bolt for springs, 19 – screw M5, 
20 – screw ¼”, 21 – brass plate) (b); seen in back side (12 – bracket 
2, 14 – measuring bars, 15 – base, 16 – wedge, 17 – bolt for springs, 
18 – screw M4, 19 – screw M5, 20 – screw ¼”, 21 – brass plate (c); 
exploded view of the device (d); actual view of the setup during test-
ing (e); the engineering drawing of the specimen (f)
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Fig. 2   Schematics of fixture assembly: The hydraulic grip with stand-
ard wedges (a); the hydraulic grip prepared for installation of the base 
and new wedges of the fixture (b); location of the base in the hydrau-
lic grip (c); preparation of the fixture for testing specimens with the 
total width of griping (d); mounting of the measuring bars of the fric-

tion force sensor on both sides of the fixture using metric M5 screws 
(e); specimen, fixture and measuring bars of the friction force sensor 
fully assembled on the MTS system in the side view (g); specimen, 
fixture and MTS extensometer ready to work in the front view (h)
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movement of the one part of fixture with respect to 
other one during a test. Proposed full bridge system was 
designed to be bending insensitive and fully temperature 
compensated. A resistance change of the system was thus 
related to an axial strain of the measuring bar through the 
standard definition:

where: Rg - resistance of single arm of the system equal to 240 
Ohm, GF - gauge factor equal to 2.00, ε - axial strain generated 
by a force acting on the measuring bars, ν - Poisson’s ratio 
of the bar material and assumed to be 0.3. The axial strain is 
related to a force acting on the measuring bars through the 
Hooke’s law:

where: E - Young’s modulus of the measuring bars material, 
So - cross section of two bars in the measuring gauge, Ff - 
force acting on the measuring bars.

(1)ΔR = 2Rg GF �(1 + �)

(2)� = Ff∕ES0

Results

Compression Tests of Thin Metal Sheet Specimens

The compression characteristics of all metals were deter-
mined using the anti-buckling device as shown in Fig. 4(a). 
The sheet metals were compressed up to different strain val-
ues ranging from 0.06 to 0.1 to assess the effectiveness of the 
proposed device. The variations of the force applied during 
testing and friction force acting on the specimen as the func-
tion of the time were presented in Fig. 4(b)–(d). It could be 
observed, that the friction force was successfully determined 
during the test, and thus, its effect on the actual behaviour 
of the material under compression could be considered 
(Fig. 4(a)). Since the total force from the testing machine 
and the friction force are recorded simultaneously, the real 
force acting on the specimen could be assessed by subtrac-
tion of the aforementioned forces. One should highlight, that 
the friction reaches the maximum values as high as 1500 N, 
which in comparison to the total force ranging from 12 000 

Fig. 3   Scheme of the fully assembled sensor for friction force meas-
urement: 1 – calibration bar, 2 – screws M5, 3 – two measuring bars, 
4 – strain gauges, 5 – wire clip, 6 – base (a); an electric scheme of the 

strain gauge sensor for the friction force measurement adopted for the 
MTS conditioner (b)
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N to 14 000 N recorded from the testing machine is giving 
6–14% difference between measurements (Fig. 4(b)–(d)). 
Such variation considerably affects the actual deformation 
characteristics of the thin metal sheet under compression 
loading, and therefore, it is of the highest importance to 
carefully determine the friction force during the test. It is 
clearly seen from Fig. 4(a), where the straight line repre-
sents the actual deformation behaviour with the friction force 
correction while the dashed one was determined from the 
total force recorded from the testing machine, that different 
results could be determined within the same measurement 
if the friction between supporting blocks and the specimen 
is considered. The comparison of the compressive strength 
values measured for the assumed strain values was shown in 
Table 2 while the general view of representative specimens 
after testing was presented in Fig. 5.

The fixture was further used to perform a compression-
tension cycle of DP500 steel during which the metal sheet was 
firstly compressed to 7% and then stretched to 15% (Fig. 4(e), 
(f)). It should be highlighted, that during the compression 
cycle, almost three times higher friction force was measured 
in comparison to tension thus the main stress compensation 
was applied under such loading. A similar material response 
was also observed during the tension–compression cycle of 
DP980 steel during which material was firstly stretched to 4%, 
then compressed to 4% and again stretched to 15% (Fig. 4(g), 
(h)). In both conditions, the friction force was used to compen-
sate the total force to determine the accurate material response 
under compression loading.

Fatigue Testing of Thin Metal Sheet Specimens

In the next part of the experimental programme, ten fully 
reversible tension–compression cycles of DP500 were exe-
cuted under strain limits ranging from -4% to + 4% starting 
in the tension direction (Fig. 6(a)). Representative variations 
of the friction force and the total load for selected, subse-
quent cycles were presented as a function of time (Fig. 6(b)). 
It was confirmed, that the friction force between support-
ing blocks and the specimen could be effectively monitored 
during the test. Therefore, a real (total) force acting on the 
specimen could be determined. During cyclic deformation, 
a minor hardening effect was observed between the hyster-
esis loops which was mainly attributed to the relatively low 
strain range limit used. It was observed in Fig. 4(b), that 
the friction force exhibited a similar course in all cycles. It 
is increasing slightly under tension and considerably under 
compression, which was related to the transversal expansion 
of the specimen. It should be highlighted, that the recorded 
friction force was relatively small, thus it does not affect 
the stress-strain characteristic of DP500 steel significantly.

Discussion

The friction force significantly contributes to the defor-
mation behaviour of thin metal sheets under compression 
loading. In the testing devices, that are using the sup-
porting plates to prevent the buckling phenomenon, the 
friction force is generated along the loading direction by 
the motion between such plates and a specimen during 
the compression tests. Furthermore, these plates signifi-
cantly counteract the specimen deformation because of the 
imposed clamping force which sufficiently suppresses the 
specimen buckling [11]. It should be highlighted, that the 
Coulomb friction law is widely used to compensate the 
total force recorded during the compression tests to con-
sider the friction force. However, it has to be emphasized, 
that the Coulomb friction coefficient model is based on a 
proportional relationship between the normal (total) force 
and the absolute values of the friction force [15]. Hence, 
the compensated compressive curve has a linear character 
(Fig. 7).

It could be observed, that the effect of friction force on 
material response under relatively low deformation up to 
2% is negligible (Fig. 4(a)). However, the friction force 
is not constant during the test and increases remarkably 
when the sheet material is deformed from 6 to 10%. Such 
high friction force measured for sheet metal specimens 
under compressive loading resulted from the fact, that the 
supportive plates significantly counteract the specimen 
deformation to suppress its buckling.

The friction force compensation during mechanical 
testing is bringing much attention from researchers since 
it remains an important factor that should be considered 
especially during compression tests. Lenzen et al. [16] 
proposed analytical friction force compensation of flow 
curves for the two steel grades DC06 and DP600 and the 
aluminium AA5182 out-of-layer compression tests with 
the pin extrusion test during which friction in the layer 
compression test was compensated by characterization 
of the tribological conditions. Lee et al. [17] developed 
a tester possessing clamping tools with adjustable side 
forces to prevent buckling of the thin specimen during 
compression in which friction was compensated by:

•	 the equilibrium relation including the actual force 
applied to the specimen,

•	 the recorded force by the load cell,
•	 the force by the friction expressed with the effective 

friction coefficient and the total normal force,
•	 the normal force applied by the heater and moving jig,
•	 the Coulomb friction coefficient between the jig and 

sheet specimen, and the jig and heater.
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In the anti-buckling device proposed by Boger et al. [9], 
the side supportive plates were covered with a 0.35 mm Tef-
lon sheet. Furthermore, the supporting force was transmitted 
from the hydraulic pump to the supports through a series 
of rollers that enables the plates to move with the specimen 
along the loading axis at first and to further reduce fric-
tion. Moreover, the friction correction was applied by using 
the Coulomb friction law compensation. Stoudt et al. [12] 
presented the anti-buckling system, that enables a direct 
assessment of the dynamic friction coefficient from direct 
measurement of the lateral and axial forces in real-time and 
further provides a more accurate compensation for the forces, 
which are independent of the specimen size. Piao et al. [18] 
designed and constructed the device for the large-strain, 
continuous tension/compression testing of sheet materials at 
elevated temperatures in which the same biaxial loading and 
friction corrections procedures were used as those in [9].

One can conclude, that the number of approaches 
devoted to the friction force compensation during mechan-
ical testing has shown their importance in the assessment 
of precise description of the sheet metal behaviour under 
compression and cyclic tension–compression. Such accu-
rate characteristics are extremely important for finite 
element simulations used in metal forming thus novel 
measurement techniques should be constantly developed. 
The proposed anti-buckling device enables the successful 
determination of a friction force variation between sup-
porting blocks and the specimen during tests, and as a 
consequence, an actual force acting on the specimen.

One should highlight, that the device proposed was 
designed for a particular MTS machine and gripping sys-
tem thus its adaptation to other testing machines requires 
slight design changes. Additionally, the capacity of the 
testing machine limits achieving higher compression val-
ues since sufficient force to deform the specimen could not 
be provided. It was concluded, that much higher deforma-
tion under compression could be obtained if the fixture 
will be manufactured from materials possessing superior 
mechanical properties, for example, nickel-based superal-
loys. Furthermore, the adaptation of the testing rig to the 
machine with a higher force capacity would enable sheet 
metal testing to the values exceeding 10% in compression.

Fig. 4   Stress characteristics of DP980, P91 and DP500 under com-
pression loading deformed to certain strain values (a); load and 
friction force as the time function registered for DP980 steel (b), 
P91 steel (c) and DP500 steel (d). The cyclic tension–compression 
response (e) and load and friction force as the time function regis-
tered for DP500 steel (f); the compression-tension response (g) and 
specimen load and friction force as the time function registered for 
DP980 steel (h)

◂

Table 2   The mechanical 
properties of tested steels under 
compression loading

Compressive strength 
[MPa]

Compressive strength with the friction 
force compensation [MPa]

Compression [%]

DP980 1426 (± 5) 1216 (± 5) 6 (± 0.5)
DP500 688 (± 5) 647 (± 5) 7 (± 0.5)
P91 900 (± 5) 826 (± 5) 10 (± 0.5)

Fig. 5   The view of representa-
tive specimens after testing
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Conclusions

The proposed testing fixture was successfully assessed dur-
ing the compression and cyclic tension–compression of high-
strength thin metal sheets made of P91, DP980 and DP500 
steels as no buckling was observed. Its advantage lies in adapt-
ing to change its length with specimen elongation or shrinkage 
during a test. Additionally, that feature enables its application 
during cyclic loading which belongs to its main advantage. 
The friction force generated from a movement of both parts 
of the device could be effectively monitored by the special 
strain gauge system during testing and thus its impact on the 
stress-strain characteristics could be successfully eliminated.

Patents

The presented anti-buckling device was patented by the 
Institute of Fundamental Technological Research Polish 
Academy of Sciences in 2019 under the patent number 
231688, entitled: “Przyrząd do badania wytrzymałościowych 
cienkich, płaskich próbek materiałów konstrukcyjnych, 
zwłaszcza blach” (Device for testing the strength of thin, flat 
samples of construction materials, especially metal sheets) 
and is listed at the Republic of Poland Patents Office official 
website. https://​ewysz​ukiwa​rka.​pue.​uprp.​gov.​pl/​search/​pwp-​
detai​ls/P.​398245?​lng=​en.
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