
Proceedings of the  7th International Conference on Mechanics and Materials in Design 
Albufeira/Portugal 11-15 June 2017. Editors J.F. Silva Gomes and S.A. Meguid. 
Publ. INEGI/FEUP (2017) 

-333- 

 
PAPER REF: 6840 
 
 

DETERMINATION OF FLOW STRESS CURVES OF ZIRCONIUM 

ALLOY BY DYNAMIC MICRO-TENSILE TEST USING STRAIN 

GAUGE TECHNIQUE 
 

Pavel Konopik
(*)
, Martin Rund, Jan Džugan 

COMTES FHT a.s., Průmyslová 955, 334 41 Dobřany, Czech Republic   
(*)
Email: pavel.konopik@comtesfht.cz  

 
 
ABSTRACT 

One of the main uses of zirconium alloys is in nuclear technology, such as cladding of fuel 
rods in nuclear reactors, especially water reactors. Due to increasing safety demand of nuclear 
reactors, crashworthiness has become more important and potential crash accidents are 
calculated using the Finite Elements Analysis. The present work is focused on the 
investigation of an experimental zirconium alloy under various strain rates at room 
temperature. As there is in many cases lack of zirconium alloys for testing, miniature 
specimens were used. This technique was called micro-tensile test. Further advantage of M-
TT is short parallel length (less than 3 mm) and strain rates reachable by these sample with 
the combination of impact tester IM30T are up to 2500 s-1. Force during a test was measured 
by strain gauge and the piezo electric load cell. For precise strain measurement, pictures 
captured by the high-speed camera were evaluated by the ARAMIS system using the Digital 
Image Correlation method (DIC). Flow stress curves as precise input for FEM simulation 
determined by micro-tensile test are presented here. 
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INTRODUCTION 

As precise material data of zirconium alloys are unavailable for high strain rates, an 
experimental zirconium alloy used for nuclear components has been investigated since 2012. 
In the work (Maresova, 2013), high strain rate sensitivity was measured for zirconium 
specimens with notches of radii R = 5 mm, 10 mm and 15 mm. In addition, a new testing 
method for tensile properties determination requiring very little experimental material was 
developed. This technique was called the micro-tensile test (M-TT). 

The developed M-TT has some special features: due to a very small tested volume, it is 
possible to measure local mechanical properties (Džugan, 2015), anisotropy of thin tubes, 
flow stress curves at various temperatures (Dzugan, 2014) and also dynamic tensile properties 
(Konopík, 2014, Rund 2015)). The samples can be obtained from the same material volume 
as small punch test, but maintaining the same loading conditions as a standard tensile 
samples, do not need any kind of correlations, enabling direct standard test parameters 
determination. The M-TT thanks to miniature specimen size allow to attain high strain rates 
with the use of relatively slow loading velocities in comparison to standard dynamic tests. 
Moreover, slower loading velocities cause fewer force oscillations typical for high strain rate 
tests. 
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MICRO-TENSILE TEST DEVELOPMENT 

One of the well-known miniature testing techniques is the Small Punch Test (SPT). The SPT 
method uses small test disc shaped samples of usual dimensions of 8 mm in diameter and 
thickness of 0.5 mm. The testing itself is a penetration of a hard ball through the tested sample 
while the force and ball displacement are measured either at room temperature or non-ambient 
temperature. The SPT is usually based on conversion of the obtained results into conventional 
mechanical characteristics. However, it requires known correlation parameters determined for 
the specific material and must be verified for each new material. Moreover, these correlations 
have limited validity and higher tolerance bounds stemming from the measurement and 
evaluation uncertainties due to different loading modes between these methods and standard 
testing methods (Konopík, 2012). Therefore, the development of small size specimen 
techniques using miniaturized standard size samples is important because these tests maintain 
a very important advantage - the same loading mode as standard test samples. The first 
suggested M-TT geometry was based on SPT specimen to prove that tensile test is possible to 
perform with the same amount of experimental material. FEM simulation confirmed the same 
loading and other condition as in the case of standard tensile test (see Fig. 1). 

 
Fig 1 - FEM simulation of M-TT specimen (right), M-TT geometry (left) 

In the case of this M-TT sample geometry, a shorter gauge length is used and thus elongation 
cannot be evaluated in the standard way. The elongation is evaluated with the use of 
following formula (Dzugan, 2010): 

 
Where index m means gauge length used for the test evaluation and x is gauge length into 
which results are being converted. 

The main problem with samples miniaturization is the availability of appropriate measuring 
devices suitable for testing samples of the volume of a few cubic millimeters. Load 
transducers are not so critical, but for example direct strain measurement on mini-tensile 
specimens requires special measuring techniques. Strain measurement on a standard tensile 
specimen is usually done by a contact extensometer but in case of a very small specimen, it is 
almost impossible to attach this equipment on the parallel length of the specimen. Considering 
various strain rates up to the dynamic condition, traditionally used mechanical extensometers 
could not be used at all. Firstly, the data acquisition rate of the mechanical extensometer is not 
sufficient during the dynamic event, and secondly, the dynamic test could be destructive to 
the extensometer itself. Therefore, the strain capturing based on optical measurement was the 
only option. 

There are various methods of optical measurement available for strain measurement - for 
example laser extensometers or video-extensometers. Latest development in the field of 
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deformation measurements are methods that calculate and evaluate deformation on the whole 
recorded surface of the specimen - full field deformation measurements. One of these 
methods is the Digital Image Correlation (DIC) method. The principle of the DIC method has 
been known since 1970s ((Keating, 1975), (Sutton, 2009) and many others). It is based on the 
recognition of change in the sequence of images. Stochastic pattern is applied on the surface 
of the specimen prior testing. The test itself is recorded by one (2D in-plane deflection 
measurement) or two (3D) cameras. Under the load, the specimen is deformed and so is the 
applied pattern. Comparing the images, changes in the pattern are registered and 
displacements and strains are calculated. Systems based on this method enable 3D strains 
measurements of either testing samples or real components. The color maps in Fig 2 show the 
distribution of major strain (strain in the direction of the highest achieved strain) over the 
sample. 

 

Fig. 2 - Color map of major strain of M-TT sample 

The testing procedure was verified for several materials exhibiting a wide range of strength 
levels. Namely, Al-alloy, Ni-alloy, Titanium Gr. 5, and several steels were compared while 
tested on standard size specimens and with the use of M-TT. Standard size samples were 
round with diameter ranging from 5 to 10 mm and in one case steel, segment of pipe was 
tested. The resulting tensile curves of these tests are graphically summarized in Fig 3. There 
can be found excellent agreement for all materials investigated between standard size 
specimens and M-TTs for whole range of strength levels from about 250MPa up to 1250 
MPa. 

 
Fig 3 - Comparison of records obtained with the use of M-TT and standard tensile 

specimen for various metallic materials (Džugan, 2015) 
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EXPERIMENTAL MATERIAL 

Polycrystalline zirconium (of the trade name ZircadineTM  Zirconium 702), delivered as a 
sheet with 1 mm in thickness, was subjected to high strain rate testing. Table 1 shows the 
chemical composition of the material provided by the manufacturer. Metallographic 
investigation was performed and an ultrafine-grain structure was observed, see Fig. 4. 

Table 2 - Chemical composition of the as-received material- Zirconium 702 (weight%) 

Element TOP MIDDLE BOTTOM 

C 0.01 0.01 0.01 

FeCr 0.08 0.08 0.08 

H <0.0003    <0.0003 <0.0003 

Hf 1.0 1.0 1.1 

N 0.005 0.005 0.005 

O 0.14 0.14 0.15 

Zr+Hf >99.2 >99.2 >99.2 

 

   
Fig. 4 - Microstructure of Zirconium 702 200x (left) and 500x (right) magnification 

 
To determine the influence of the sample size on mechanical properties, an average grain size 
evaluation was executed. The average grain size was evaluated according to ASTM E112 
standard for the linear intercept method and the results are summarized in Table 2. 

Table 2 - Average grain size evaluated according to ASTM E112 standard for the linear intercept method 

Grain Size of µm G 

Zirconium 702 4.75 12.0 

 

It is known that in order to reduce the scatter in measurements, not only the dimensional 
control but also the ratio between thickness and the grain size is very important. The 
following guideline is to be followed (Kumar, 2006): 

Thickness ≥ 10 x Grain size 

Due to very fine grain, a minimum difference can be assumed between the results obtained 
from standard and micro-tensile tests. 
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EXPERIMENT 

Tensile tests were performed at room temperature under different strain rates. The strain rate 
can be roughly calculated by the velocity of the actuator and the parallel length of the 
specimen, i.e. 

 
where is the engineering strain rate, V is the velocity of the actuator and L is the initial 
parallel length of the specimen, which is the reduced section in the specimen with a constant 
width. 

Thus, the maximum engineering strain rate achievable for a system can be calculated as, 

 

where is the maximum speed of the actuator that is limited by the machine capability. 
Lmin is the minimum initial parallel length of the specimen, which is controlled by the 
requirement to achieve the uniaxial stress condition throughout the parallel length of the 
specimen. The smaller the parallel length, the higher the maximum engineering strain rate is. 
Therefore, the newly developed M-TT method is convenient to achieve higher strain rates. 

The standard geometry used for the impact tester IM30T is a flat specimen with 1 mm in 
thickness, 10 mm in width and 20 mm in parallel thickness. The modified M-TT specimen 
geometry for dynamic testing are depicted in Fig 4. 

 
 

  
Fig. 5 - Left) M-TT specimen geometry with mounted strain gauge, right) modified M-TT specimen geometry 

 

Quasi-static tensile tests were performed according to CSN EN ISO 6892-1. Currently, high 
strain rate testing is not widely standardized; however, several documents with recommended 
procedures exist even for sheet tensile testing (one of them is for example (Opbroek, 2005), 
but a number of others can be found). Prior to testing, specimen dimensions were measured 
and an original gauge length for the elongation determination was marked on each specimen. 
After the test, yield stress was determined as well as tensile strength. The final gauge length 
was also measured after the test and elongation after fracture was evaluated.  

Both the servo-hydraulic system MTS BIONIX with the loading up to 1000 mm·s-1 and the 
impact tester IM30T with impact velocity from 1000 to 7500 mm·s-1 were used. In total, 52 
tensile tests were performed. Reachable strain rates for specific combinations of the testing 
machine and the specimen geometry are calculated in Table 3.  

The test set-up for MTS BIONIX can be seen in Fig. 6 and for impact tester IM30T in Fig. 7. 

(2) 

(3) 
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Table 3 - Reachable strain rates 

 
 

   

Fig. 6 - Left) MTS BIONIX system, right) detail of strain measuring by ARAMIS 
 

             
Fig. 7 - Left) impact tester IM30T, middle) test setup with two high speed camera, right) detail of griped 

specimen with strain gauge for precise force measurement 

During the dynamic micro-tensile test, one high speed camera Phantom v711 was used for 
capturing of the specimen parallel length for further strain evaluation and the second high 
speed camera monitored the whole setup for further evaluation of unexpected phenomena 
(bad alignment, lateral oscillation etc.). The recorded images were then uploaded to the 
evaluation software ARAMIS and calibrated (based on the initial width of samples). Due to 
very fast loading, maximal speed of 680,000 fps at reduced resolution of 128 x 8 was used 
and therefore it was not possible to calculate strain distribution as precise as in the case of 
small samples under quasi-static condition (Fig. 1). However, strain development was 
possible to measure precisely.  

Vmin Vmax L  min  max

(mm/s) (mm/s) (mm) 1/s 1/s

MTS, Standard sample 0 1000 15,0 0 66

MTS, M-TT 0 1124 3,0 0 375

IM30T, Standard sample 1000 7500 20,0 50 375

IM30T, M-TT 1000 7500 3,0 333 2500

Testing Machine
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The screenshots from these cameras are shown in Fig. 8 and Fig. 9 and major strain from 
ARAMIS calculation of the M-TT under dynamic condition is depicted in Fig. 10. 

 

        

Fig. 8 - High speed camera screenshots -  

 

              
Fig. 9 High speed camera screenshots -  

 

 
Fig. 10 ARAMIS major strain of the M-TT under dynamic condition 

 

RESULTS AND DISCUSSION 

Using the standard tensile samples, the strain rate up to 66 s-1 could be reached on the servo-
hydraulic system MTS BIONIX (M/Standard). For a higher strain rates, the impact tester 
IM30T had to be used (D/Standard). Using the M-TT (M/M-TT), strain rates from  0.0015 s-1 

to 375 s-1 were reached with the use of the servo-hydraulic system MTS BIONIX and one 
type of geometry only. Moreover, improvement M-TT force measurement using strain gauges 
(which were attached on both surfaces of the specimen) enables to use impact tester IM30T 
and it makes reachable strain rate of 2500 s-1. 
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Results from standard tensile samples were compared with M-TT results at the corresponding 
strain rate (see the comparison of UTS in Fig.11 as an example) and it was found very good 
agreement. Therefore, only the obtained force-displacement records from M-TT were used for 
flow stress curves creation, see Fig 12.  

 
Fig. 11 - UTS dependence on strain rate 

 
 
 

 
Fig. 12 - Flow stress curve obtained using M-TT performed on MTS and DWT 
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CONCLUSIONS 

Within this work, tensile tests under quasi-static and dynamic conditions using standard and 
M-TT specimens were performed. The investigated material was zirconium sheet with 1mm 
in thickness. Precise strain measurement is the main problem of both high strain rate and 
small tensile specimens testing. Therefore, the high speed camera and the ARAMIS system 
were used for the evaluation of the precise strain and this solution was suitable for both cases. 
In total, 52 tensile tests were performed. 

Tests were carried out at room temperature with initial strain rates ranging from 0.0015 s-1 to 
375 s-1. Using the standard tensile samples, the strain rate up to 66 s‑1 could be reached on the 
servo-hydraulic system MTS BIONIX and for a higher strain rates, the impact tester IM30T 
had to be used. However, using the M-TT samples, strain rates from 0.0015 s-1 to 375 s-1 were 
reached with the use of the servo-hydraulic system MTS BIONIX only. Moreover, 
improvement M-TT force measurement using strain gauges enables to use impact tester 
IM30T and therefore, the reachable strain rate was up to 2500 s-1. The experiment also proved 
the usability of the M-TT for dynamic properties measurement. 

The combination of the DIC system and high strain rate testing promises the possibility to 
ensure highly precise input data for computer modelling and material behavior prediction. 
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