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ABSTRACT 
 

The Small Punch Test (SPT) is a miniaturized test to characterize the mechanical properties of the materials. The 

load-displacement curve obtained by this test does not directly provide the material parameters, and linear 

correlations between data obtained from SPT curve and each mechanical property are necessary. The main difficulty 

of these correlation methods is the high level of scattering showed when analyzing a wide set of materials in the 

same study. 

 

In this paper, a finite element analysis focused on steel alloys was performed to understand the specimen behavior in 

the early stages of the SPT. Present methods to correlate the material yield strength with the data obtained from the 

SPT curve were also analyzed via this FEM study to discover the meaning of the current correlation scattering for 

this mechanical property. This numerical research also proved the accuracy of the proposed correlation method for 

the yield strength via the SPT. The maximum slope of zone I (Slopeini) of the SPT curve showed an accurate 

correlation with this mechanical property. 

 

Focusing on steel alloys, experimental tensile tests and SPT’s were performed to validate the numerical analysis and 

to demonstrate the suitability of the proposed Slopeini versus yield strength correlation method. 

 

Keywords: Small Punch Test, SPT, yield strength. 

 

Note: This research did not receive any specific grant from funding agencies in the public, commercial, or non-profit 

sectors. 

 

1 Introduction 
 

In the early 1980s an innovative Miniaturized Disk Bend Test (MDBT) was developed as a cost-effective method to 

test the post-irradiated state of materials used in thermonuclear reactor applications [1-2]. Many researchers have 

investigated and improved this test, developing the Small Punch Test (SPT) as a test method for characterization. It 

consists of a punch which deforms a firmly gripped specimen between two dies until fracture (see Fig. 1). Research 

and investigation in the SPT were focused on the evaluation of material properties, including the elastic modulus, 

yield strength and tensile strength [3-5], ductile-brittle transition [6], fracture properties [7-10], etc. The significant 

interest shown by researchers in this testing procedure motivated the development of a CEN Code of Practice for the 

application and use of the small punch test method for metallic materials [11]. 

 

Results data recorded during SPT are the load/displacement curves (see Fig. 2). Zones distinguished in this curve are 

[12]: 

 

Zone I: elastic bending. 

Zone II: transition between elastic and plastic bending. 

Zone III: plastic hardening. 

Zone IV: softening due to material damage initiation. 

Zone V: crack growth with a circular shape around the center of the specimen until failure. 
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Fig. 2. Main behavior zones in the SPT curve 

 

Mechanical properties of the material are not directly obtained from the SPT curve, and a previous correlation study 

between uniaxial tensile tests and SPTs needs to be performed. Yield load Py, maximum load Pm, punch 

displacement at maximum load um and initial slope in zone I Slopeini are the most accepted data obtained from the 

SPT curve for correlation with different mechanical properties (Fig. 3 shows an example of SPT data extraction from 

load vs. displacement curve) [13]. Mao and Takahashi [7] performed a correlation method between yield strength σy 

and the yield load Py (see Fig. 3) with the following empirical equation (1): 

 

       
  

  
      (1) 

 

where t represents the thickness of the specimen and α1 and α2 are the correlation factors which are obtained from a 

regression analysis of the test results of the different materials or treatments to be correlated. 

 

These correlations show a high level of deviation when a wide set of materials is evaluated in the same analysis: 

some examples are shown in the literature [13-14], with deviation up to 20% using the yield load Py to obtain the 

yield strength σy of the material. 

 

 
Fig. 1. Small punch test geometry 
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3 

 
Fig. 3. Data extracted from SPT curve 

 

The causes of the high deviations might be: 

 

a) Misalignments in the setup of all parts in the assembly of the SPT or other assembly parameters (tightening 

of the dies with the specimen, initial gaps, etc). 

b) Geometry dimensions of the specimen out of tolerance. CWA recommends very restrictive tolerances for the 

specimen thickness (0.495 to 0.505 mm) to ensure repeatability, so very small defects could derivate in a 

high level of deviations in the SPT behavior. 

c) High dependency of the data extracted from SPT curve on more than one mechanical property. This cause 

could be limited with a search of alternative data with more dependency on the mechanical property to 

correlate and less dependency on the rest of the material properties. 

 

Points (a) and (b) may be solved testing a set of SPT specimens made of the same material and checking the 

repeatability of all SPT curves. When deviations between the SPT curves become negligible, the setup is considered 

to be adjusted and the causes of deviations are reduced to the previous point (c). 

 

In this research, previous point (c) was investigated to obtain an alternative SPT data to correlate the yield strength 

σy of the material. The following steps were taken: 

 

a) The analysis of the dependency of the yield load Py obtained from the SPT curve with more than one 

mechanical property. 

b) The search for an alternative method to correlate the SPT curve data with the yield strength σy of the tested 

material. New data were extracted from the SPT curve in search of a high level of dependency on the yield 

strength and a very low dependency on the other mechanical plastic properties of the material. 

 

2 Methodology and materials 
 

Nowadays, there are four different methods to obtain the yield load Py from the SPT curve: 

 

a) Mao’s method [7]. Also referred to as the “two tangents” method, the yield load Py is obtained from the 

intersection between two lines: a tangent to the elastic zone I of the SPT curve and another tangent to the 

plastic zone III of the SPT curve. Both zones I and III do not show any linear behavior so, the tangent to 

zone I is calculated for the point with the maximum slope, and the tangent to zone III for the point with the 

minimum slope. Fig. 4 shows an example of this method. 
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Fig. 4. Py Mao calculation from an SPT curve 

 

b) Modified Mao’s method [15]. The point obtained from the previous “two tangents” method is projected 

vertically to the SPT curve to obtain the yield load Py (see Fig. 5). 

 

 
Fig. 5. Py Mao Projected calculation from an SPT curve 

 

c) t/10 method [16]. The yield load Py is obtained in a way that is similar to σy (offset: 0.2%) in standard tensile 

tests. A parallel line with the tangent to the elastic zone I of the SPT curve is drawn with an offset equal to 

t/10 in the displacement axis. The intersection of this line with the SPT curve is identified as the yield load 

Py (see Fig. 6). 

 

d) CWA method [11]. Also referred to as the “two secants” method. It is like the “two tangents” or Mao 

method, except for the use of secants instead of tangents. Yield load Py is calculated by the intersection of 

two linear functions (two secants), which are calculated minimizing the error between these functions and 

the SPT curve. CWA [11] recommends the vertical projection of this intersection point to the SPT curve to 

obtain the most reliable Py value via this method (see Fig. 7). 
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Fig. 6. Py t/10 calculation from an SPT curve 

 

 
Fig. 7. Py CWA Projected calculation from an SPT curve 

 

In the early days of SPT research, the SPT curve was performed with the displacement measured using an 

extensometer installed as shown in Fig. 8 (hereinafter referred to as δext). Later, an LVDT (Linear Variable 

Differential Transformer) sensor installed in contact with the lower face of the specimen was used to obtain the 

displacement data (hereinafter referred to as δlower). The main differences between these two displacements are: 

 

a) The plastic indentation between the punch and the upper face of the specimen in the initial stages of the zone 

I of the SPT curve is suppressed in δlower. Thus, zone I becomes a pure elastic region. 

 

b) Non-linear contact deformations between all parts involved in the punch configuration influence the 

displacement measurement δext. 

 

Point (b) is solved with a correction in the extensometer measurement. The lower die of the SPT is substituted by a 

tungsten cylinder with an outer diameter and height equal to the lower die dimensions. After a first loading step to a 

maximum load, which should not be surpassed in the subsequent SPTs, some unloading-loading cycles are 

performed until the stabilization in the load-displacement δext curve is reached. The last loading step of this 

calibration test is recorded, and a 5
th
 order polynomial regression from this data is established as a calibration 

function. This curve is used to correct the δext obtained from the SPT tests, and it results in a new displacement δupper 

equal to the displacement of the upper face of the specimen. 
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Point (a) is considered by some researchers as the main reason to consider δlower as more reliable data than δupper to 

measure the displacement for the SPT curve [15]. The non-linear behavior of the initial stages of zone I of the SPT 

curve when δupper is used is the main reason to discard this displacement. 

 

 

 

 

 

 

 

 

 

 

 

1: Upper arm 

2: Punch rod 

3: Gland 

4: Upper die 

5: Punch sphere 

6: Specimen 

7: Lower die 

8: Lower arm 

Fig. 8. Assembly of the SPT test setup 
 

In this article, a first investigation is focused on FEM analyses to: 

 

a) Demonstrate that the accuracy of the correlation obtained from both displacements (δupper and δlower) is 

similar. 

b) Perform a detailed analysis of the dependency of the yield load Py of the SPT curve with more than one 

plastic property to demonstrate the arbitrary character of the current Py - σy correlations. 

c) Validate numerically an alternative method for obtaining the yield strength σy with the SPT which shows a 

high level of dependency on the yield strength of the material and no significant alterations with the rest of 

the plastic properties. 

 

Finally, as a second part of this investigation, experimental tests (uniaxial tensile tests and SPTs) were performed to 

demonstrate the suitability of the previous numerical study. 

 

FEM simulations were performed with Abaqus FE software, taking into consideration 36 hypothetical materials. The 

plastic behavior for all materials was simulated with an isotropic hardening model following the Ramberg-Osgood 

equation (see Equations 7 and 8 [17]): 

 

            
 

 
         

 

  
 

 

                                 

 

            

   
   

  
  

       
 

   
  
  
 

                                     

 

where εoffset = 0.002 is the offset strain used to calculate the yield strength. 
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The elastic properties of all these materials were fixed to E = 200000 MPa and υ = 0.3, and plastic properties were 

selected to have nine families (M1.y to M9.y) with different yield strengths (100, 250, 400, 550, 700, 850, 1000, 

1200 and 1400 MPa). Each of these families had four different Ramberg-Osgood coefficients n (6.95, 8.95, 14 and 

35). Table 1 shows the plastic properties assigned for each hypothetical material. 

 

Material σy (MPa) n*  Material σy (MPa) n* 

M1.1 100 6.95  M5.3 700 14 

M1.2 100 8.95  M5.4 700 35 

M1.3 100 14  M6.1 850 6.95 

M1.4 100 35  M6.2 850 8.95 

M2.1 250 6.95  M6.3 850 14 

M2.2 250 8.95  M6.4 850 35 

M2.3 250 14  M7.1 1000 6.95 

M2.4 250 35  M7.2 1000 8.95 

M3.1 400 6.95  M7.3 1000 14 

M3.2 400 8.95  M7.4 1000 35 

M3.3 400 14  M8.1 1200 6.95 

M3.4 400 35  M8.2 1200 8.95 

M4.1 550 6.95  M8.3 1200 14 

M4.2 550 8.95  M8.4 1200 35 

M4.3 550 14  M9.1 1400 6.95 

M4.4 550 35  M9.2 1400 8.95 

M5.1 700 6.95  M9.3 1400 14 

M5.2 700 8.95  M9.4 1400 35 

(*) Ramberg-Osgood parameter 

Table 1. Plastic properties of the hypothetical materials 

 

In FEM simulations, the specimen thickness was set at 0.5 mm. The rest of the geometric parameters were:    
      ,            and          (see Fig. 1). 

 

In the experimental tests, six different steels were selected to obtain a wide range of yield strengths from 160 MPa to 

1215 MPa. Table 2 shows the mechanical properties of these materials. 

 

Material E (MPa) σy (MPa) σu_eng (MPa) 
εfract 

(mm/mm) 

DC04 (1.0338) 203000 160 288.00 0.47 

HC300LA (1.0489) 206000 322 411.00 0.31 

DC01 (1.0330) 208000 229 353.00 0.35 

F1110 (1.0401) 216430 550.60 615.60 0.19 

F1140 (1.1191) 204910 745.00 922.67 0.10 

15-5PH H900 (1.4545) 194926 1215.00 1310.00 0.16 

Table 2. Mechanical properties of the experimental materials 

 

3 Numerical analyses 
 

Abaqus was the software selected to perform the numerical analyses for this research. SPT simulation was done with 

an implicit method in an axisymmetric model (see Fig. 9). The specimen was meshed with quadrilateral elements 

with reduced integration and hourglass control (CAX4R) and with a global size of 0.025 mm per cell. The spherical 

punch and upper and lower dies were simulated as analytical rigid bodies. Interaction between each part was 

simulated with the standard surface-to-surface contact algorithm with a friction coefficient of μ = 0.18 (typical value 

for steel-steel contact). Elastic and plastic material properties used for each analysis are shown in Table 1. 
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Fig. 9. SPT FE model 

 

This FEM model of the SPT and the goodness of fit for setup calibration to obtain δupper from δext were validated with 

experimental tests in a previous published research [5]. 

 

3.1 Yield load analysis 
 

Fig. 10 shows the SPT curve for the hypothetical material M2.3. Dashed lines represent the tangent lines for the 

maximum slope of zone I and the minimum slope for zones II and III. PyMao and PyMaoProj calculations are also 

included in Fig. 10. A vertical dashed line situated at a punch displacement of 0.26 mm indicates the position where 

the minimum slope tangent is located. All data contained until this punch displacement of 0.26 mm are used to 

calculate PyMao and PyMaoProj. 

 

 
Fig. 10. SPT curve for material M2.3 and PyMao & PyMaoProj 

calculation 
 

Fig. 11 shows the Von Mises stress distribution in the SPT specimen for hypothetical material M2.3. The color grey 

represents the area of the specimen which shows Von Mises stresses over the yield strength of the material. The 

specimen at points 1 to 5 shows a maximum Von Mises stress greater than the yield strength of the material (250 

MPa). The hardening coefficient n is the key parameter which controls the strengthening capability of the material 

over the yield strength. Therefore, n has an important role in the SPT curve. Punch displacements used in PyMao and 

PyMaoProj calculations for the material M2.3 were between 0 and 0.26 mm. Thus, the stress field shown in the SPT 

specimen for some punch displacements used in PyMao and PyMaoProj calculations was over the yield strength in a 

significant area of the specimen. It means that these Py values should be influenced not only by the yield strength σy, 

but also by the hardening coefficient n. 
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Fig. 11. Von Mises stress for material M2.3 

1 2 

3 4 
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The remaining methods used for Py calculation showed similar problems, so an alternative method was searched for 

analyzing the behavior of zone I of the SPT curve. Next, Figs. 12 and 13 show a detailed graph of zone I of the SPT 

curve for the hypothetical material M2.3. Four points were analyzed at punch displacements of 0.002, 0.004, 0.006 

and 0.008 mm. Point 3 (punch displacement of 0.006 mm) is located in the same position as Slopeini (the maximum 

slope of the zone I). 

 

 
Fig. 12. Detailed view of zone I for M2.3 material 

 

    
 

    

Fig. 13. SPT test (the color grey represents the yielded zone) 
 

The yielding is initiated in the upper face of the specimen just below the punch (see Fig. 13). It grows with the 

increase of the punch displacement, and point 3, which is the location of the maximum slope of zone I (Slopeini), 

matches the scenario where the yielded area completely crosses the specimen thickness. Thus, the Slopeini location is 

directly related to the yield strength σy. Fig. 14 shows a color-banded field of the equivalent plastic strain for point 3. 

Most of the yielded area was below an equivalent plastic strain of 0.00619 mm/mm, so the Slopeini should be mainly 

controlled by the yield strength σy and the elastic modulus E and less influenced by the hardening factor n. 
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Fig. 14. Equivalent plastic strain at point 3 for M2.3 material 

 

3.2 Hypothetical material analysis 
 

Thirty-six hypothetical materials M1.1 to M9.4 (see Table 1 for the mechanical properties of these materials) were 

simulated with the same FE model used in the previous section. Fig. 15 represents the load-displacement SPT curves 

for these hypothetical materials. Two types of SPT curves are shown: left graphs represent the displacement of the 

punch vs. load; right graphs represent the displacement of the lower face of the specimen vs. load (typical 

measurement obtained from an LVDT placed in this location). 
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ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

13 

      
 

      
 

      
Fig. 15. SPT curves for the hypothetical materials 

 

The four methods currently used to obtain the elastic limit of the material via the SPT curves (Mao, Mao-projected, 

t/10 and CWA methods) were applied in all of the previous hypothetical materials. Two types of displacement were 

used: upper (the displacement of the upper face of the specimen center); and lower (the displacement of the lower 

face of the specimen center). Table 3 shows the yield load Py for each method and each material. 

 

Material 
Upper (N) Lower (N) 

Py_Mao Py_MaoProj Py_t/10 Py_CWA Py_Mao Py_MaoProj Py_t/10 Py_CWA 

M1.1 75.62 49.80 75.09 61.71 73.82 30.5 74.44 55.4 

M1.2 72.18 47.68 71.12 59.57 70.73 31.69 70.97 53.55 

M1.3 70.99 45.74 68.66 59.24 69.59 27.07 68.03 54.07 

M1.4 66.71 42.13 64.39 55.53 65.91 26.33 63.83 53.09 

M2.1 186.79 127.45 183.53 153.43 182.29 97.35 182.02 139.91 

M2.2 176.66 119.57 173.21 146.47 173.48 95.64 173.44 133.69 
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Material 
Upper (N) Lower (N) 

Py_Mao Py_MaoProj Py_t/10 Py_CWA Py_Mao Py_MaoProj Py_t/10 Py_CWA 

M2.3 171.94 114.73 165.2 140.92 168.75 87.21 164.33 128.34 

M2.4 165.37 106.98 155.1 136.75 162.79 81.3 153.96 126.18 

M3.1 301.64 211.95 291.44 247.46 294.76 179.39 290.6 228.18 

M3.2 288.33 200.62 276.74 237.82 282.26 170.53 276.91 219.6 

M3.3 271.91 187.37 258.72 224.58 267.38 159.78 259.44 207.42 

M3.4 265.12 174.04 241.11 217.92 261.16 143.38 240.18 202.8 

M4.1 386.67 281.42 391.56 328.19 379.05 248.4 392.3 302.73 

M4.2 390.78 277.45 374.67 328.71 384.12 244.49 376.06 306.29 

M4.3 366.22 254.61 347.3 309.08 360.02 223.52 349.24 288.05 

M4.4 361.27 241.36 326.1 301.28 355.89 210.81 327.85 281.89 

M5.1 484.79 359.94 493.21 421.87 473.81 322.03 493.68 392.59 

M5.2 473.48 344.95 467.74 406.1 463.85 309.11 469.65 378.52 

M5.3 461.91 327.45 438.32 386.63 453.14 291.95 440.25 360.67 

M5.4 450.85 306.36 406.8 374.66 443.34 272.76 409.2 351.04 

M6.1 583.12 438.65 592.04 501.9 570.64 399.34 594.97 485.33 

M6.2 568.66 421.21 561.91 498.44 557.4 383.97 566.32 467.96 

M6.3 554.42 398.58 524.82 474.35 544.42 362.5 529.32 445.69 

M6.4 538.06 373.65 486.9 458.54 529.51 337.96 490.72 418.64 

M7.1 673.61 514.55 690.12 598.01 659.87 475.85 696.62 561 

M7.2 660.99 495.98 653.09 576.48 648.72 458.36 660.76 541.77 

M7.3 641.8 467.91 608.79 548.34 631.42 433.36 617.89 515.66 

M7.4 627.41 440.60 563.36 530.92 619.14 406.73 569.82 485.63 

M8.1 786.84 616.83 817.77 691.45 770.15 575.42 825.58 648.28 

M8.2 777.09 594.38 775.12 670.75 762.78 555.89 786.01 629.28 

M8.3 756.71 563.79 720.23 638.61 744.36 526.08 732.18 601.35 

M8.4 743.15 530.79 663.18 617.29 734.06 495.24 675.41 584.52 

M9.1 891.86 713.12 942.51 805.1 873.09 671.51 955.24 758.5 

M9.2 883.8 690.98 897.98 781.8 866.93 651.51 912.17 738.04 

M9.3 860.45 651.86 828.53 745.95 846.2 615.3 845.83 704.41 

M9.4 839.74 613.57 759.79 703.41 829.65 580.02 779.77 666.77 

Table 3. Yield loads of the SPT curves 

 

Figs. 16 and 17 show the correlation between the normalized yield loads (Py/t
2
; where t is the specimen thickness) 

and the yield strength σy of the material. 

 

    
Fig. 16. Py_Mao correlation (left) and Py_Mao Projected correlation (right) 

(upper and lower displacements) 
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Fig. 17. Py_t/10 correlation (left) and Py_CWA correlation (right) 

(upper and lower displacements) 
 

Obtained correlation equations are listed next: 

 

Mao’s method Upper:           
  

  
          (9) 

Mao’s method Lower:           
  

  
          (10) 

Mao Projected Method Upper:           
  

  
        (11) 

Mao Projected Method Lower:           
  

  
         (12) 

t/10 Method Upper:           
  

  
           (13) 

t/10 Method Lower:           
  

  
           (14) 

CWA Method Upper:           
  

  
          (15) 

CWA Method Lower:           
  

  
          (16) 

 

Next, fig. 18 shows the yield strength deviations of each group Mx.1 to Mx.4 of hypothetical materials with the 

previous calculated correlations. For Mao, Mao projected, t/10 and CWA methods, two columns for each one is 

presented: columns ticked with U correspond to upper displacements and columns ticked with L indicate 

displacements measured with an LVDT in the lower face of the specimen (lower displacement). The comparison 

between the upper and lower methods to measure the displacement for the SPT curve showed similar deviations in 

the linear regression. Thus, both methods are valid for performing the SPT curve. Considering that the upper method 

shows a simpler setup than the lower method, it is recommended the use of the upper method instead of the lower. 

 

The Mao Projected and t/10 methods showed the highest deviation levels in the correlations. The CWA method was 

in a mid-level dispersion, and the best fitted correlation was for Mao’s method except for the M1 material. SPT 

curves of the hypothetical materials showed alterations in zones II and III for a fixed value of the yield strength σy 

when varying the hardening factor n. This is the main cause of the correlation dispersions. 
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Fig. 18. Yield strength deviation of the hypothetical materials 

 

Fig. 19 shows the Py_Mao geometrical calculations from the SPT curves for materials M2.1 to M2.4 and M9.1 to 

M9.4. The reason why Mao’s method showed the best fitted correlation is based on a geometrical cause: for 

materials M9.1 to M9.4, the tangent lines taken in zone III showed different slopes for different hardening factors n, 

but all the lines converged in a location near a punch displacement of about 0.05 mm. Although the tangent lines 

from zone I intersect with the other tangents in a punch displacement near 0.1 mm, the differences between the Py 

values are reduced significantly. For materials M2.1 to M2.4, this geometrical behavior is not enough to guarantee a 

convergence in the obtained Py values. Thus, the better fitting results obtained from Mao’s method are based on a 

geometrical coincidence and not on the mechanical behavior of the specimen material.  

 

    
Fig. 19. Mao’s method calculation for materials M2.1 to M2.4 and M9.1 to M9.4 

 

As explained in the previous section, the behavior of the specimen around the punch displacement where Slopeini is 

located showed stress values near the yield strength. Thus, the Slopeini should show no significant variations due to 

changes in the hardening factor n of the material. The method used to obtain the Slopeini was standardized as follows: 

 

a) A variable i = 1 is assumed. A 5th order polynomial regression of SPT curve data, for a range of         
            of the punch displacement, is adjusted to obtain: 

1. The maximum slope of zone I (Slopeini_i) and 

2. The punch displacement (δini_i) where this Slopeini_i is obtained. 

b) Some 80% of the range used to calculate the previous regression obtained:                          . 

c) The amplitude of the range             is centered in the punch displacement δini_i , obtaining the new range:  

            (δini_i – 
           

 
, δini_i +  

           

 
). 
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d) This previous range           is used to perform another 5th order polynomial regression of the SPT curve 

data, obtaining a new maximum slope for zone I (Slopeini_i+1) and the punch displacement where this slope is 

obtained (δini_i+1). 

e) If the mismatch between both Slopeini’s is less than         in the following the next equation    
                       

          
 , Slopeini_i+1 is assumed as the final Slopeini value. Otherwise, the sequence returns to 

phase (b) increasing the i value by one. 

 

Next, table 4 shows the Slopeini obtained from the SPT curves of the hypothetical materials, and Fig. 20 shows the 

correlation between the normalized Slopeini (Slopeini /t; where t is the thickness of the specimen) and the yield 

strength of each material. 

 

Material Slopeini (N/mm)  Material Slopeini (N/mm)  Material Slopeini (N/mm) 

M1.1 2514.96  M4.1 7166.43  M7.1 9002.47 

M1.2 2454.44  M4.2 7065.48  M7.2 8927.42 

M1.3 2352.26  M4.3 6928.64  M7.3 8834.59 

M1.4 2243.76  M4.4 6803.69  M7.4 8700.24 

M2.1 4766.27  M5.1 7955.97  M8.1 9406.91 

M2.2 4678.98  M5.2 7863.78  M8.2 9434.09 

M2.3 4541.27  M5.3 7726.81  M8.3 9308.88 

M2.4 4382.21  M5.4 7624.37  M8.4 9221.4 

M3.1 6120.81  M6.1 8528.53  M9.1 9787.74 

M3.2 6041.48  M6.2 8416.9  M9.2 9789.24 

M3.3 5916.56  M6.3 8310.32  M9.3 9766.95 

M3.4 5775.12  M6.4 8224.56  M9.4 9646.56 

Table 4. Slopeini of the hypothetical materials 

 

 
Fig. 20. Slopeini correlation 

 

Slopeini showed a low dispersion, close to the dispersion level reached in Mao’s method. The data matched 

accurately with an exponential regression equal to: 

 

                  
              (17) 

 

So the proposed equation to be adjusted to empirical data was  

 

       
              (17) 

 

where    and    are the correlation factors which are obtained from a regression analysis. 
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Figs 21 and 22 show the real yield strength vs. the calculated yield strength using the regressions obtained 

previously for Mao, Mao projected, t/10 and CWA methods. The real yield strength vs. the calculated yield strength 

using the regressions analyzed for Mao (upper displacement) and Slopeini methods are shown together in Fig. 23. All 

these figures showed that the most reliable methods were the Mao and the Slopeini methods. 

 

    
Fig. 21. Yield strength comparison (Py_Mao method (left) and Py_MaoProjected method (right)) 

 

    
Fig. 22. Yield strength comparison (Py_t/10 method (left) and Py_CWA method (right)) 
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Fig. 23. Yield strength comparison (Py_Mao and Slopeini methods) 

 

4 Experimental procedures and results 
 

Six steels, DC01, DC04, HC300LA, F1110, F1140 and 15-5PH H900 were tested using standard tensile tests 

(ASTM E8M) and small punch tests to verify the numerical results previously shown. Table 2 shows the mechanical 

properties for all tested materials, and Fig. 24 shows the SPT curves obtained from the experimental tests. The 

geometry and the setup of the SPT were the same as the one analyzed in the previous numerical calculations. 

 

 
Fig. 24. SPT curves of the experimental tests 

 

Table 5 shows the yield loads obtained from the experimental SPT curves by Mao, Mao Projected, t/10 and CWA 

methods. This table also includes the Slopeini calculation (following the same method explained for the numerical 

analysis). 

 

Material Py_Mao (N) Py_MaoProj (N) Py_t/10 (N) Py_CWA (N) Slopeini (N/mm) 

DC04 113.57 75.98 126.50 96.89 4188.04 

HC300LA 215.26 137.04 212.00 183.82 6016.37 

DC01 160.69 108.94 173.07 157.23 4889.10 

F1110 262.41 173.98 297.50 259.58 7419.10 

F1140 481.39 327.29 485.00 424.02 8200.76 

15-5PH H900 691.72 489.64 662.00 598.11 9782.01 

Table 5. Yield loads and Slopeini of the experimental SPT curves 
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Figs. 25 to 27 show the correlation between each method and the yield strength of each alloy (obtained from the 

tensile tests). The obtained correlation equations were: 

 

Mao Method:           
  

  
          (18) 

Mao Projected Method:           
  

  
         (19) 

t/10 Method:           
  

  
          (20) 

CWA Method:           
  

  
          (21) 

Slopeini Method:                     
               (22) 

 

    
Fig. 25. Mao’s method correlation (left) and Mao Projected method correlation (right) 

 

    
Fig. 26. t/10 method correlation (left) and CWA method correlation (right) 

 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

 

21 

 
Fig. 27. Slopeini method correlation 

 

Fig. 28 shows the deviations between the calculated yield strengths from the experimental correlation equations and 

the yield strengths obtained from the tensile tests. The most precise and reliable method was the proposed Slopeini 

method, with the CWA and t/10 methods following far behind. 

 

 
Fig. 28. Deviations of the yield strength calculation 

 

5 Conclusions 
 

A numerical analysis and a set of experimental tests (uniaxial tensile tests and SPTs) were performed in this research 

obtaining following conclusions: 

 

a) There are two methods for measuring the displacement data for the SPT curve: the upper and the lower 

methods. This research demonstrated numerically that both had the same accuracy level for the yield 

strength correlation. The upper method is the best method for obtaining the SPT curve considering its 

simplicity (lower method needs the installation of an LVDT supported in the lower face of the specimen). 

b) Current methods to correlate the yield strength with the SPT curve showed numerically an important 

dependency on the hardening factor n. Only the Mao’s method showed in FEM calculations less dependency 

compared to the other methods, but the reason for this accuracy was based on a geometrical coincidence and 

not on the mechanical properties of the material. Experimental tests showed that Mao’s method had a 

deviation level similar to the rest of the current methods. Thus, Mao’s method was not more accurate than 

the rest of the correlation methods. 
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c) An improved correlation method for the yield strength σy was obtained using the Slopeini of the SPT curve. 

This method showed, both numerically and experimentally, a lower level of deviations and standard error 

compared with the current methods (Mao, Mao projected, t/10 and CWA). The “Slopeini method” only needs 

the load-displacement data from zone I and the initial part of zone II of the SPT curve to be obtained. This is 

much less information compared with the current methods, which need data from zones I, II and III of the 

SPT curve. This adds another advantage for the proposed method for materials which show brittle behavior 

and premature failures. 

 

6 Data availability 
 

The raw/processed data required to reproduce these findings cannot be shared at this time as the data also forms part 

of an ongoing study. 
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Graphical Abstract 
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HIGHLIGHTS 

 A new Slopeini correlation method in the small punch tests (SPT) is proposed. 

 Correlation between Slopeini and yield strength of the material showed high fitness. 

 FEM and experimental tests were performed to validate this new correlation method. 

 Slopeini correlation method showed higher fitness than the current methods in the SPT. 
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