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DEVELOPMENT OF A TEST DEVICE FOR TESTING MINIATURE SAMPLES
BY THE SPT METHOD
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The paper presents the results of the development and manufacture, as well as assembly and installation of a test device
for testing miniature samples by the SPT method. The results of mechanical tests by tensile and SPT methods of 35X
steel material after heat treatment (quenching + tempering) at different tempering temperatures. The evaluation of changes
in the strength characteristics of steel grade 35X, depending on the heat treatment mode. The correlation equations
between the t/10 method and the yield strength of each 35X steel sample obtained during tensile tests were determined

and obtained.
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INTRODUCTION

The bending test of miniature disks, introduced in the
1980s by Manahan, was intended as an alternative
characterization method for obtaining the mechanical
properties of irradiated steels from nuclear reactor
vessels [1, 2]. The novelty of this method was its
miniaturized geometry, allowing the use of small disks
for microstructural analysis in transmission electron
microscopy. The main advantage of miniature disks was
the short duration of sample irradiation and the
possibility of obtaining a larger number of samples from
a small volume of test material.

Data on the mechanical properties of materials of
structural elements are important for design, integrity
assessment and remaining service life. In this regard,
small sample test methods (hereinafter referred to as
SSTM) are preferable to typical tests in two cases:

1) when a volume of material is limited,;

2) when it is difficult to work with a huge volume of
material, for example, if the material is radioactive.

The SSTM are more promising for assessing the
integrity and residual life of components during their
operation, as they are easy to perform and are non-
destructive in nature. Of the available SSTMs, the Small
Punch Test (hereinafter referred to as SPT) method is
mainly used to determine the mechanical properties of
thin samples. The sample size required for
characterization is similar to that required for
transmission electron microscopy (TEM), i.e. ~3 mm in
diameter [2]. This method was primarily developed to
study post-radiation effects at nuclear power plants [2—
7]. Nowadays, this method has been extended to studies
of other mechanical properties: Young's modulus [8, 9],
ultimate strength [10, 11], and ultimate tensile strength
[12], transition temperature from plastic to brittle state
[13], fracture properties [14] and creep behavior [15]. In
2006, The CEN Code of Practice was introduced and
revised in 2007 to standardize the SPT method [16].

The main advantages of this methods are:

— use as a non-destructive testing method, since the
production of samples from metal of the operated
equipment does not reduce its performance due to its
diminutive size (thickness less than 1 mm);

— the ability to study such objects as elements of
welded joints, parts of small sizes or complex shapes,
parts made of materials that are unreasonable for tensile
testing due to their high brittleness, destroyed parts from
which full-size macrosamples cannot be cut in
accordance with GOSTSs, etc.

Compared to non-destructive testing methods such as
ultrasonic, magnetic and X-ray flaw detection, SPT is a
direct measurement method, which allows obtaining
information about the mechanical properties of the
material directly, while other methods are based on
evaluation of indirect indicators.

Thus, to date, development and implementation of a
new method for testing miniature samples for indentation
will allow evaluating the strength and plastic
characteristics of highly radioactive materials and other
materials without requiring the manufacture of massive
standard samples.

DESIGN AND MANUFACTURE OF A TEST DEVICE.
ASSEMBLY AND INSTALLATION OF THE TEST
DEVICE

The test device consists of a frame consisting of top
and bottom plates, three spacer rods (Figure 1). The top
plate houses the loading jig and the bottom plate is rigidly
connected to an Instron 5966 testing machine equipped
with a 0.5 kN load sensor using a 1/2 inch pin and lock
nut.

The loading jig for testing miniature samples by the
SPT method was designed in accordance with the
recommendations [16-17], and consists of an upper and
lower die, a rod and a ball (Figure 2). The dies are made
of 30X13 hardened chromium steel with a hardness of
50 HRC. The ball (& 2.5 mm) and the rod (& 2.5 mm)
are made of materials with high hardness and modulus of
elasticity — zirconia ZrO, and tungsten carbide WC,
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respectively. Combination of the rod and ball forms a
punch that passes through the sample, held by the upper
and lower dies.

DLH-A-20
| \ displacement sensor

ERS collet sleeve

/ Linear bearing

Lock nut
— Upper plate

DLH-A-5
displacement sensor

Spacer rods

Bottom plate

a) b)

Figure 1. 3D model (a) and outer view of the test device,
mounted on a test machine (b)

Some authors use a solid punch with a hemispherical
tip instead of a separate ball and rod (punch), arguing that
it is relatively easy to simulate deformation processes.
However, in our opinion, manufacture of a solid tip from
hard materials is costly and it is impossible to provide the
required sphericity on it.

The punch rod is connected with a precision ER8
collet sleeve to a larger diameter rod (&6 mm). To
ensure coaxial translational motion of the rod with the
punch, the closed LMF6UU linear rolling bearing is
installed on the lock nut. Thus, the lock nut not only
fixates the test sample between the upper and lower dies,
but also guides the translational motion of the punch.

punch rod

upper die

b) ER8 collet sleeve

¢) load unit section sketch

One of the features of the testing device is a semi-
rigid connection of the punch to the lock nut with one
degree of freedom, rather than a rigid connection to the
traverse of the testing machine. This combination does
not require the alignment of the punch motion relative to
the sample after disassembly/assembly of the loading jig.

The test device additionally contains two LVDT
transformer sensors (DLH-A-20 and DLH-A-5, Dacell),
operating on a bridge connection, one of which is used to
continuously record the movement of the punch relative
to the top plate, and the second registers the axial
extrusion of the sample from the side of the lower die
(Figure 3).

a) DLH-A-5 b) DLH-A-20

Figure 3. Outer view of linear displacement sensors

DESIGN AND ASSEMBLY OF INFORMATION

AND MEASURING SYSTEM

To ensure continuous data collection during testing,
an external measuring system was designed and
assembled on the testing machine, which allows
recording data simultaneously from four different
primary transducers (Figure 4).

The measuring system consists of primary converters,
analog-to-digital converters (ADC), and a personal
computer with software. Analog-to-digital converters
and power supplies are placed in a measuring unit with a
metal case. The primary transducers are connected to the
unit via DE-9 connectors. Data output from the measu-
ring unit is performed using the RS232-USB converter to
a portable computer (laptop). The received data is
displayed in a software window created in the Trace
Mode 6 environment and written to a tabular XLS file.

ball

sample

bottom die

d) the upper and lower dies, test sample & 8 mm (1);
ceramic ball @ 2.5 mm and tungsten carbide rod (2)

Figure 2. Sketches and pictures of the components of the loading jig

33



DEVELOPMENT OF A TEST DEVICE FOR TESTING MINIATURE SAMPLES BY THE SPT METHOD

18

[EETE Y
N RO

Displacement, mm
=
o

QN b~ O ®

a) device for calibration of linear
displacement sensors

e St

Power unit

head ID-F

|

|

|

|

I

| Measuring
|

: 125

|

I

AS,0= 0.7325 - AUZ9, ,0° *
ﬂe-(’»
29 Begfgﬂ i
0\,\)\'30 o
0’ ° LR-A-5 senst aA
o aaB =
0®  LawE AS5 = 0.2449 - AU, I

5 10 15 20 25
Output voltage, mV

b) dependencies of output voltage on linear displacement
of the rod of DLH-A-20 and DLH-A-5 sensors

Figure 5. Calibration of linear displacement sensors

CALIBRATION OF LINEAR DISPLACEMENT

SENSORS

To calibrate linear displacement sensors, a high-
precision digital indicator Mitutoyo ID-F 25 with a
measurement resolution of 0.001 mm in the range of 0-
25 mm was used. To calibrate the linear displacement
sensors, each sensor with a digital indicator was rigidly
fixed horizontally to the surface of a two-axis microscope

object table, which had a coaxial feed with a microscrew
(Figure 5, a). Then, with a resolution of 0.5 mm and
0.25 mm, the output voltage readings were taken from
the DLH-A-20 and DLH-A-5sensors, respectively.
Figure 5, b shows the dependence of linear displacement
on the value of the output voltage for sensors with
different measurement limits.
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Figure 6. Stages of selection and preparation of miniature samples

Based on calibration measurements, the linear depen-
dences of the displacement ( AS, ) of the rod for each

sensor on their output voltage were determined. The
equation of linear dependencies for each sensor is as
follows:

AS; =0.2449-AUQ ;; — for DLH-A-5 sensor, (1)
AS,, =0.2449-AUZ,, — for DLH-A-20 sensor,  (2)

where, AS; — linear movement of the sensor rod, mm

(L — sensor measurement limit); AUg,; — output volta-
ge, mV (L — sensor measurement limit).
RESEARCH METHOD

Method of Miniature Sample Manufacture

The procedure for selecting and preparing miniature
test samples consists of three main stages (Figure 6).

To select the template and the sample, a wire-cutting
method is used on an ARTA 123 PRO CNC electro-
erosive machine. Surface is prepared by mechanical fine
grinding with a final abrasive grit P1200.

Method for Identifying Correlation Dependence

by the t/10 Method

To identify the correlation dependence, the method of
correlation between the yield strength o, and the yield

load P, was applied with the following empirical
equation [10]:

P

O :al't_;“raz, (3)

y

where, t — sample thickness, & and a, — correlation

factors that are obtained from regression analysis of test

results of different materials that should be correlated.
Currently, there are several different methods for

obtaining a value of the yield strength P, from the SPT

curve [10, 16, 18], one of the most accurate is the t/10
method [19].
According to the t/10 method, the yield load P, is

obtained in a similar way to the method for determining
the yield strength o, (displacement: 0.2%) in standard

tensile tests. A parallel line tangent to the elastic zone of
the SPT curve is drawn with a shift equal to t/10 along
the shift axis. The intersection of this line with the SPT
curve is defined as the yield load P, (Figure 7).
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Figure 7. Calculating Py with the t/10 Method
from the SPT Curve

RESULTS AND DISCUSSION

Results of Tensile Test by Conventional Method

The sample material was 35X low-alloy steel with
various heat treatment to obtain a wide range of strength
and plastic characteristics. Heat treatment of the samples
was performed by quenching (at a temperature of 860 °C)
and subsequent tempering at various temperatures of
200 °C, 300 °C, 400 °C, 500 °C.

For testing, standard cylindrical samples of type IlI,
No. 8 according to GOST 1497-84 were prepared from
heat-treated blanks (Figure 8). Determination of the
actual mechanical properties of heat-treated samples
were performed according to the conventional tensile test
method at a constant strain rate of 0.0025 s™' according
to GOST 1497 (Figure 9).
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Figure 8. Outer view of standard 35X steel samples
before (a) and after (b) tensile testing
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The results of determining the strength and plastic
characteristics are presented in the Table.

Table. The results of tensile tests of 35X steel samples

8 c
o = - &= S 2
o - S = E=RF 5 =
o s | g5 | 52| B | £
= o 2 == S 6 o 5 S=
g 3 2= | 2 sE | 38
3 (-3 g5 s | £2 22
T g 2 ES | E5 | B8
e E, o6 S 2w
35X-1.1 764 444 14 60
without HT
35X-1.2 771 447 17 56
Mean value 768 446 15 58
35X-2-1 200 1393 1251 10 44
35X-2-2 1419 1282 11 48
Mean value 1406 1267 10 46
35X-4-1 300 1186 1090 13 53
35X-4-2 1162 1067 13 50
Mean value 1174 1079 13 51
35X-6-1 400 1056 946 14 56
35X-6-2 1091 980 15 56
Mean value 1074 963 14 56
35X-7-1 500 758 606 23 69
——35X-1.1_without HT
L - - --35X-1.2_without HT
e ——35X-2-1_200°C
1400 3 R - - --35X-2-2 200°C
———35X-4-1_300°C
b - - -35X-4-2_300°C
< 1000 ———35X-6-1_400°C
S - = = -35X-6-2_400°C
P ——35X-7-1_500°C
§ 800 @ 0 e -
»
600 -
400
200
0 T ¥ T ¥ T ¥ T 1
0 5 10 15 20 25

Strain, %

Figure 9. Tensile diagram of 35X steel before and after
heat treatment (quenching + tempering) at different
tempering temperatures

Results of testing miniature samples by the SPT

method

For testing according to the SPT method, disk-shaped
miniature samples with dimensions of & 8x0.5 mm were
made from a head of the destroyed samples (Figure 10).
Using the Instron 5966 test machine with designed test
device, miniature samples were tested by the SPT method
(Figure 11). Miniature samples were tested by the SPT
method with a punch loading speed of 0.2 mm/min and
constant recording of the load-displacement curve data.

a) before test b) after normalizing

(state as received)

X5 ‘
T1 8808

€) 400 °C f) 500 °C

Figure 10. Outer view of miniature 35X steel samples
before and after testing by the SPT method

As the SPT load-displacement curves show, the
designed test device shows good repeatability of results.

2000 - —— 35X-1-1 (without HT)
——35X-1-2 (without HT)
1500
=
=
§ 1000 -
500 -
0

00 02 04 06 08 1.0 12 14 1.6 18 20

Displacement, mm

a) after normalizing (state as received)

Figure 11. Load-displacement curves of SPT testing
of 35X steel after heat treatment
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d) after quenching and tempering at 400 °C e) after quenching and tempering at 500 °C
Figure 11 (continued). Load-displacement curves of SPT testing of 35X steel after heat treatment
ANALYSIS AND GENERALIZATION OF RESEARCH 1400
RESULTS
Based on the results of testing miniature samples o
made of heat-treated 35X steel, typical zones of elastic, -
elastic-plastic and plastic deformation were determined.
- . = <)
After analyzing the load-displacement curves, the P, /t° 5 1000
. S g
values were determined by the t/10 method, which is 7
similar to the method for determining the yield strength o S00q
0y, (0.2% displacement) in standard tensile tests. >

Between the actual values of the yield strength oy, 600
(tensile test) of the 35X steel material and the value of

P, /t* (SPT method), the following dependency was 400+
established (equation 1) with a hlgh level of correlation 1000 ‘ 15]()0 2()'00 25100
(R?=0.99) (Figure 12). Py/t2

o, =0.5482- tp—g —158.79. (@) Figure 12. Correlation between the yield strength

and the value of Py according to the SPT method
for the 35X steel material
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CONCLUSION

As part of this work, the following activities have
been conducted:

— The test device for testing miniature samples
using the SPT (Small Punch Test) method has been
designed and manufactured.

— The procedure for manufacturing miniature
samples according to the requirements of the
methodology has been tested. A series of methodical tests
by the SPT method of samples made of heat-treated 35X
steel with strength characteristics in a wide range has
been performed.

— The obtained results of methodical tests were
analyzed and a linear relationship was established
between the actual values of the yield strength oy,

(tensile test) of the 35X steel material and the value of
P, /t? (SPT method).

This research was funded by the Ministry of Energy
of the Republic of Kazakhstan (BR09158470).
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SPT ICI BOMBIHIIIA ITAFBIH YJTLJTEPAI CBIHAYFA
APHAJIFAH CbIHAK K¥PBIJIFBICBIH 93IPJIEY

E.J. Jayaerxanos, E.E. Canaraes, H.A. Opa3ranues, E.b. Apbinra3pl
KP Y410 PMK «Amom snepzusacel uncmumymut» gpunuanst, Kypuamos, Kazaxcman

Kymeicta mrareiH yarinepai SPT omiciMeH chiHAy VINIH CHIHAK KYPBUIFBICBIH d3ipiiey jKOHE MaibIHAAy, COHAAM-ak
KYpacTBIpy HOTIKEJIepi KeNTipiireH. Op TYpJli TeMIlepaTypaaa TepMUSIBIK OHACYACH KeliH (mprgaay-+xymcapry) 35X
Oonatr MatepuanbiH co3y xoHe SPT omicrepiMeH MeXaHMKAaJbIK ChIHAY HOTIDKENepi KepceTuireH. TepMUsUIBIK eHey
pexumine GainanpicThl 35X MapKaibl 60MaTThIH OCpIKTIK CHMaTTaManapbIHbIH 63repyiH Garanay xkyprizinai. t/10 oxici
MEH CO3BUIYy ChIHAKTaphl Ke3iHJe anblHFaH opOip 35X OosaT ynTICiHIH aKKBIITHIK IIETi apachIHAaFbl KOPPEISIUSIIBIK
TEHJICYJIEP aHBIKTAJI/IbI JKOHE aJIbIH/IBI.

Tyiiin co30ep: SPT a0ici, azipney, co3y cvlHagbl, AKKbIUMbIK, OepIKMLIIK.

PA3PABOTKA UCIIBITATEJBHOI'O YCTPOUCTBA JJIsI MPOBEJEHUA UCTIBITAHUS
MHUHHUATIOPHBIX OBPA3IIOB METOAOM SPT

E.J. JayaerxaunoB, E.E. Canaraes, H.A. Opa3ranues, E.b. Apbinra3pl
Qunuan «Mncmumym amomnoi snepzuuy PI'TI HAL] PK, Kypuamos, Kazaxcman

B pabore mnpuBeneHsl pe3ynbTaThl pa3pabOTKH W W3TOTOBICHHUS, a TakkKe COOPKM M MOHTa)Xa HCHBITATELHOTO
yCcTpoiicTBa 111 TNPOBEICHUS MWCIBITAHUS MHUHHATIOPHBIX 00pasinoB MmerogoMm SPT. IlpuBeneHs! pe3ynbTaThl
MEXaHWYECKUX WCIBITAHUA MeTomaMu Ha pacTsbkeHnme u SPT wmarepmana cramm 35X mocie TepMooOpabOTKH
(3aKanKa+oTIyCK) MpH Ppa3IMYHBIX TeMIlepaTypax OTIyCKa. BBINONHEHa OIEHKa HM3MEHEHWH NPOYHOCTHBIX
XapaKTepUCTUK cTanmn Mapku 35X B 3aBUCHMOCTH OT pEXHMa TepMooOpaboTku. OmpenesneHbl MW IOJydYCHBI
KOppEISIIMOHHBIE ypaBHEHUs Mexnay MeronoM /10 um mpenenamm TeKydecTH Kaxioro obpasma cramn 35X,
MIOJTYYCHHBIMH IIPH HCIIBITAHUSX HA PacTSHKEHHE.

Kniouegwie cnosa: memoo SPT, paspabomka, ucnvlmanus Ha pacmsoicenue, meKyiecms, NpOUHOCMb.
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