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A B S T R A C T   

Cu, CuCrZr alloy and W are three typical materials used in the plasma-facing components of fusion reactors, 
whose mechanical properties vary significantly. The small punch test (SPT) is used to evaluate the mechanical 
properties for materials in the nuclear industry due to its advantage of requiring minimal sample volumes. In this 
paper, the correlation between SPT and uniaxial tensile testing (UTT) is investigated for Cu, CuCrZr alloy and W. 
From the views of mechanical properties and fracture morphologies, materials demonstrate consistent behav-
iours between SPT and UTT, which proves that the SPT is an effective method to characterize the mechanical 
properties and fracture mechanism of Cu, CuCrZr alloy and W. Moreover, the finite element simulation results of 
SPT for five other copper alloys with different mechanical properties are added to establish the correlation 
equations of mechanical properties between SPT and UTT. One unified correlation equation between SPT and 
UTT can be established for the ductile materials, even if with largely different mechanical properties. However, 
the introduction of a brittle material W invalidates the correlation equation. This work provides a prospect of SPT 
to study the mechanical properties of materials used in plasma-facing components.   

1. Introduction 

The International Thermonuclear Experimental Reactor (ITER) 
project is an international scientific research cooperation project to 
study nuclear fusion energy, and the key research and development of 
materials for fusion applications have laid a strong technological foun-
dation to support the energy landscape of fusion [1]. The divertor is a 
key component in ITER, the function of which is to discharge the energy, 
particle flow and helium ash produced by the fusion reaction [2]. 
Tungsten (W) is considered an ideal plasma-facing material for the 
divertor because of its good thermal conductivity, thermal shock resis-
tance, high melting point and low retention of hydrogen isotopes [3]. 
CuCrZr alloy has high strength and thermal conductivity even at high 
temperature, and the material damage caused by irradiation can also be 
reduced by element doping of CuCrZr alloy, while Cu has excellent 
thermal conductivity. Therefore, Cu and CuCrZr alloys are usually used 
as heat sink materials in the divertor [3,4]. The full-scale tubular W-Cu 
module developed by Japan [5] has passed the high heat load test and 

meets the high heat load requirements of ITER, and Europe [6,7] has 
carried out high heat load tests on small-scale through-tube W-Cu 
modules and full-size divertor target plate components and determined 
the critical heat load flux. Meanwhile the Experimental Advanced 
Superconducting Tokamak (EAST) developed by China [8,9] adopted 
the W divertor and verified the high heat load performance of W-Cu 
modules. The study of the mechanical properties of Cu, CuCrZr and W 
plays an important role in ensuring the safety of plasma-facing compo-
nents in thermonuclear fusion equipment [10]. 

The small punch test (SPT) is a test method for evaluating the me-
chanical properties of materials using small, disk-shaped specimens. 
Compared with the standard tensile method, the required sample vol-
ume is very small, and it is considered as a non-destructive test for 
evaluating mechanical properties. SPT was primarily developed to study 
the irradiation damage on the mechanical properties of nuclear mate-
rials [11] and has been widely used in the nuclear industry. Mechanical 
properties including yield stress [12], tensile strength [13], 
ductile-brittle transition temperature [14], fracture toughness [15] and 
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high temperature creep [16] have been successfully estimated for a wide 
range of materials. Based on a comparison of the effects from mechanical 
properties, damage parameters, friction coefficients, pre-tightening 
conditions and geometric uncertainty, the factors influencing SPT 
were ranked in order of sensitivity to improve understanding of this test 
method [17]. In-situ digital image correlation (DIC) technology was 
employed in SPT to estimate tensile properties with the advantage of 
deflection mapping [18]. In addition to experimental studies of SPT, 
researchers used finite element simulation and neural network methods 
combined with SPT to determine the tensile mechanical properties [19]. 

SPT is widely used in the study of mechanical properties for nuclear 
materials. Kumar et al [20]. used SPT data to determine GTN model 
parameters for the structural materials of nuclear reactors, and proved 
the feasibility of using SPT to determine the J-R data of irradiated ma-
terials by comparing finite element simulation results with actual test 
results. Simonovski et al [21]. calibrated the fitting coefficients in the 
correlation equation between tensile strength and the maximum load of 
SPT with the flat SPT specimen, indicating that the same correlation 
equation can be used to estimate the tensile strength of fuel cladding 
tubes at 650 ℃. Simonovski et al [22]. applied the GTN model in the 
finite element simulation of SPT to evaluate the crack initiation and 
propagation, and found that the damage parameters significantly 
influenced the maximum force of the load-displacement curve. Zhang et 
al [23]. used SPT combined with finite element simulation and a 
sequential programming algorithm to characterize the constitutive 
relationship of high-energy heavy-ion irradiated steel. The resulting 
constitutive relationship was found to be consistent with the experi-
mental load-displacement curve of the irradiated sample. Yao and Dai 
[24] used the SPT to determine the ductile-brittle transition temperature 
(DBTT) for the materials Optifer-IX, Eurofer 97 and MA956 steels after 
irradiation, and found that the DBTT of the three steels increased with 
irradiation dose, which agreed well with Charpy impact tests. SPT was 
used to understand the variation in mechanical properties and damage 
parameters for quenched and aged CuCrZr used in plasma-facing com-
ponents [25]. The creep behaviour of Eurofer97 and 14Cr Oxide 
Dispersion strengthened steel were assessed via SPT by Richardson et al 
[26]., and the applicability of the equivalent uniaxial creep stress 
method was discussed for two materials. 

The mechanical properties of Cu, CuCrZr and W vary considerably, 
and therefore provide an ideal basis for study via SPT. In this paper, SPT, 
uniaxial tensile test (UTT), finite element simulation, and fracture 
analysis are carried out on Cu, CuCrZr and W, and the correlation 
equations between SPT and UTT for these materials are constructed. The 
research results of SPT on Cu, CuCrZr and W are thus helpful in evalu-
ating the mechanical properties of materials used in plasma-facing 
components. 

2. Materials, experimental and simulation methods 

2.1. Cu, CuCrZr and W 

Cu, CuCrZr and W are typical materials used in plasma-facing com-
ponents. Cu has good plastic deformation behaviour and can withstand 
cold and hot plastic processing, but its strength is low. CuCrZr has 
relatively high strength and toughness at high temperature. Although W 
has high hardness and high melting temperature, it also exhibits a 
ductile to brittle transition, leading to a pronounced brittleness at low 
temperature. The materials used in this study (Cu, CuCrZr and W) were 

provided by Guantai Metal Material Co., LTD (Hebei province, China) in 
plate form with a thickness of 14 mm. The chemical compositions are 
listed in Table 1. 

2.2. SPT, UTT and fracture surface observation 

The schematic diagram of the SPT device is shown in Fig. 1(a), which 
consists of an upper die, lower die, Φ 2.5 mm Si3N4 ceramic ball, and 
punch. The test specimen is machined into a disc with the diameter of 
10 cm and the thickness of 0.7 mm by wire electrical discharge 
machining. Then each surface is polished with finer and finer abrasive 
paper to the final thickness of 500 µm ± 5 µm, and the final grade of 
abrasive paper is with the 2000 particle size to obtain the uniform sur-
face roughness. The test specimen sits between the upper and lower dies 
for clamping and fixing. The lower die has a receiving hole with a 
diameter of 4 mm and a chamfer by 0.2 mm(45◦). The constant 
displacement loading rate of 0.1 mm/min is applied to the ball by the 
punch until the sample is fractured, while the punch load and punch 
displacement data are recorded to construct the SPT load-displacement 
curve. The structural dimensions of the SPT device and test process meet 
the requirements of SPT standard BS EN 10371: 2021 [27], and three 
repeated tests are carried out for each material. The experiments were 
performed at room temperature, and when the load drops to 80% of the 
maximum load, the fracture is identified and the experiment is stopped. 

The nominal displacement between push rod and lower die vref is 
measured by the extensometer (Epsilon, Model: 3549-050M-020-ST) as 
shown in Fig. 2. Since the displacement v is defined as measured at the 
punch tip as opposed to deflection which is measured below the SPT 
specimen, there are differences between the v and vref . According to BS 
EN 10371: 2021 [27], the displacement v needs to be corrected based on 
Eq. (1), with a compliance coefficient CP. 

v = vref − F
(
vref

)
CP (1) 

The experimental method in Annex A of BS EN 10371: 2021 [27] is 
used to determine the system compliance coefficient CP, and Fig. 3 gives 
the experimental compliance curve of the SPT set-up used in this paper. 
The CP value is 1.4 × 10− 4 mm / N through the linear part of the slope, 
which is within the normal range of 1 × 10− 5 mm/N to 5 × 10− 4 mm/N 
in BS EN 10371: 2021 [27]. Then the displacement was corrected by the 
compliance coefficient CP 1.4 × 10− 4 mm / N with Eq. (1). 

For comparison with the SPT results, UTT is carried out for all three 

Table 1 
Chemical compositions of Cu, CuCrZr, W (all in weight%).   

Cu Sb As Fe Pb S Cr Zr W Si Mo Ni P 

Cu Bal. 0.002 0.001 0.003 0.002 0.002 — — — — — — — 
CuCrZr Bal. — — — — — 0.73 0.09 — — — — — 
W — 0.001 — 0.0005 — — — — Bal. 0.001 0.001 0.0005 0.001  

Fig. 1. Dimensions of specimens: (a) SPT specimen; (b) UTT specimen.  
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materials. The specimen dimensions are given in Fig. 1(b). The sample 
length is parallel to the rolling direction of the metal plate, and testing 
processes meet the requirements of the UTT standard ISO 6892-1:2019 
[28]. The UTT was carried out by the 10t electronic universal me-
chanical testing machine (SUNS UTM5105). All tests were carried out at 
room temperature, and a displacement loading rate of 0.5 mm/min was 
applied until specimen fracture occurred. 

To understand the correlation of facture mechanism between UTT 
and SPT, the fracture surfaces were examined via Scanning Electron 
Microscopy (SEM, JEM-2100) for both UTT and SPT tested specimens. 

2.3. Finite element simulation of SPT 

Since both the test setup and load conditions are axially symmetric, 
the test can be simulated through a 2D axisymmetric model, as shown in 
Fig. 4. The sample is placed between the upper and lower dies. The 
upper die, lower die and ball are modelled as analytical rigid bodies, 
while the sample is modelled as a deformable body. The load and 

boundary conditions used in the simulation agree with those in the test. 
All movements of upper and lower dies are fixed, while only the vertical 
movement of the punch ball is free and other directions are also fixed. 
The displacement load is applied on the punch ball and then transferred 
to the SPT sample. Surface-to-surface contact is defined between the 
sample and the upper and lower dies as well as between the sample and 
the punch ball. The finite sliding contact method is used for the sliding 
formulation discretization, while the hard contact form of surface to 
surface discrete is adopted. The options of the contact behaviour used in 
this paper are the same as those of the SPT simulations in references [22, 
29]. The penalty formula is used with a friction coefficient of 0.2. An 
eight node, bi-directional quadratic axisymmetric quadrilateral element 
with the reduced integral (CAX8R) is used to mesh the sample. The mesh 
is refined at the contact surface between the punch and the sample with 
a mesh size of 0.01 mm, while the mesh size gradually increases towards 
the edge of the sample. The model has 25,333 nodes and 8300 elements, 
which are to balance the simulation accuracy and the simulation time. 

3. Results and discussion 

3.1. SPT results 

The load-displacement curves of Cu, CuCrZr and W obtained by SPT 
are shown in Fig. 5. It can be seen that the repeatability of SPT for Cu and 
CuCrZr is good, and any divergence mainly appears at the failure stage. 
However, greater variability appears for W at the fracture stage, which 
may be related to the brittle nature of the material. The load- 
displacement curves of both Cu and CuCrZr contain five complete 
stages, which reflect the typical characteristics of a ductile material. It 
can also be seen that the yield load and maximum load of CuCrZr are 
significantly higher than those of Cu. However, the load-displacement 
curve of W only contains the elastic stage and fails at a very low 
displacement, indicating a brittle failure. 

Based on the load-displacement curve in Fig. 5, the characteristic 
parameters of SPT can be obtained, including yield load, maximum load, 
displacement at maximum load, etc. Because the transition point from 
the elastic stage to plastic stage in SPT is not clearly defined, several 
determination methods have been proposed. The yield load Py_Mao was 
defined by Mao and Takahashi [30] as the intersection point of two 
tangent lines of the elastic stage and the plastic stage. The tangent of the 
elastic stage corresponds to the maximum slope in the elastic region, 
while the tangent of the plastic region corresponds to the minimum 
slope in the plastic region. Another yield load determination method 
was the modified Mao method [31] named Py_CEN, which was applied in 
the BS EN 10371:2021 [27]. Py_CEN is defined as the vertical projection 
of the intersection point of two tangent lines on the SPT curve. 

Fig. 2. Displacement measuring by extensometer.  

Fig. 3. The compliance curve of the SPT set-up.  

Fig. 4. Geometric model and mesh of SPT.  
Fig. 5. Load-displacement curves and fracture modes of SPT for Cu, CuCrZr 
and W. 
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Moreover, the yield load Py_t/10 using a method similar to the yield stress 
Rp0.2 in the standard UTT was proposed [32], and the intersection point 
of the tangent line of the elastic region after translation t/10 and the 
load-displacement curve is defined as Py_t/10 Fig. 6. gives the three yield 
load determination methods. 

The yield loads, maximum loads (Pm) and displacements corre-
sponding to maximum load (dm) determined from the load-displacement 
curves of Cu, CuCrZr and W are listed in Table 2. This includes the use of 
all three yield load determination methods illustrated in Fig. 6. From the 
quantitative comparison of the mechanical parameters of SPT in Table 2, 
it can be found that the yield load and the maximum load of CuCrZr are 
significantly higher than those of Cu, but their fracture displacements 
are similar, while the fracture displacement of W is significantly smaller, 
being one order of magnitude less than those of Cu and CuCrZr, which 
reflects the typical brittleness. 

3.2. UTT results 

To compare with the results of SPT, the engineering stress- strain 
curves of Cu, CuCrZr and W obtained by UTT are shown in Fig. 7. Ac-
cording to current standard ISO 6892-1:2019 [28], yield stress, tensile 
strength, and fracture elongation are determined from the engineering 
stress-strain curves, which are summarized in Table 3. 

From both the qualitative curves in Fig. 7 and the mechanical 
properties in Table 3, it can be seen that Cu and CuCrZr are typical 
ductile materials with obvious plastic deformation and hardening 
behaviour, while W exhibits a typically brittle failure, having fractured 
at low strain and under elastic deformation. Because CuCrZr contains 
strengthening alloy elements, the yield stress and tensile strength of 
CuCrZr are significantly higher than those of Cu, but the fracture elon-
gation of Cu is about twice that of CuCrZr. 

From the qualitative comparison between the load-displacement 
curves of SPT in Fig. 5 and the engineering stress- strain curves of 
UTT in Fig. 7, material behaviour is consistent across SPT load- 
displacement curves and UTT stress-strain curves, which proves that 
SPT can effectively characterize the toughness and brittleness for Cu, 
CuCrZr and W. However, it should be noted that from the quantitative 
comparison of the mechanical properties between SPT in Table 2 and 
UTT in Table 3, their variations with material are different, and corre-
lation equations need to be established. 

3.3. Finite element simulation results of SPT 

Although Cu, CuCrZr and W cover ductile and brittle characteristics, 
three testing materials alone are insufficient to construct the qualitative 
correlation equations of the mechanical parameters between SPT and 

UTT. To understand the correlation between SPT and UTT, besides the 
experimental data, finite element simulation results of SPT for five other 
copper alloys with different strengths and ductility in literatures [33,34] 
are added to complement the data. The mechanical properties of copper 
alloys with different strengths and ductility are listed in Table 4, while 
the yield stress covers the range from 46.19 to 410.92 MPa, the tensile 
strength covers the range from 215.81 to 444.36 MPa, and the fracture 
elongation covers the range from 16 to 47%. 

To verify the reliability of the finite element simulation of SPT, 
uniaxial tension test data of Cu and CuCrZr are inputted in the finite 
element simulation of SPT, and the load-displacement curves obtained 

Fig. 6. Comparison of the determination methods for the yield load.  

Table 2 
Mechanical parameters of SPT for Cu, CuCrZr, W.  

Material t/mm Py_Mao/ 
N 

Py_CEN/ N Py_t/10/ 
N 

Pm/ N dm/ 
mm 

Cu-1 0.500 113.7 109.3 128.6 565.0 1.400 
Cu-2 0.501 131.2 125.2 137.6 573.3 1.397 
Cu-3 0.499 106.6 103.0 122.6 574.2 1.479 
Cu-Mean 0.500 117.2 112.5 129.6 570.8 1.425 
CuCrZr-1 0.500 207.3 166.2 215.6 981.6 1.348 
CuCrZr-2 0.499 203.2 188.6 230.0 979.9 1.353 
CuCrZr-3 0.501 217.8 190.7 232.1 974.4 1.333 
CuCrZr- 

Mean 
0.500 209.4 181.8 225.9 978.7 1.345 

W-1 0.500 — — — 307.4 0.154 
W-2 0.500 — — — 315.3 0.132 
W-3 0.498 — — — 312.1 0.108 
W-Mean 0.499 — — — 311.6 0.131  

Fig. 7. Engineering stress-strain curves and fracture modes of UTT for Cu, 
CuCrZr, W. 

Table 3 
The mechanical properties of UTT for Cu, CuCrZr, W.  

Material Rp0.2/MPa Rm/MPa A/% 

Cu 211.87 223.34 27.45 
CuCrZr 445.21 466.87 12.57 
W — 279.24 0.53  

Table 4 
Mechanical properties of copper alloys used in the simulation [33,34].  

Material E/MPa Rp0.2/ MPa Rm/ MPa A/% 

C122AN 104,110 46.19 215.81 45 
C715 151,680 128.93 398.51 47 
C464 965,270 213.74 436.44 37 
C102 119,280 322.67 333.71 17 
C150 108,940 410.92 444.36 16  
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by simulations are compared with those obtained by SPT experiments 
for Cu and CuCrZr. As shown in Fig. 8, the load-displacement curves 
obtained by finite element simulation agree well with those of experi-
ments, and the deviation only exists at the failure stage, which suggests 
that the finite element simulation method can effectively predict the 
load-displacement curve of SPT. 

The load-displacement curves of five copper alloys obtained by finite 
element simulation are shown in Fig. 9, and the Mises plots are also 
given corresponding to the maximum load point of each load- 
displacement curve. Then the yield load, the maximum load, and the 
displacement at maximum load are determined from the load- 
displacement curves, as listed in Table 5. Comparing the mechanical 
properties of SPT by simulation in Table 5 and the mechanical properties 
of UTT in Table 4, there are positive correlations between SPT param-
eters and UTT parameters including: yield load vs. yield stress, the 
maximum load vs. tensile strength, and the displacement at maximum 
load vs. fracture elongation. Therefore, both the experimental SPT re-
sults of Cu, CuCrZr and W and the simulated results of five other copper 
alloys show that the mechanical parameters of SPT can be correlated 
with the mechanical properties of UTT. 

3.4. Fracture mechanisms of SPT and UTT 

To understand the correlation of fracture mechanisms between SPT 
and UTT, the fracture morphologies of both methods for Cu, CuCrZr and 
W were observed and compared via SEM as shown in Fig. 10. The 
fracture morphologies of UTT are corresponding to the totally fractured 
specimens, while those of SPT are corresponding to the point when the 
load drops to 80% of the maximum load. 

From Fig. 10(a-SPT), the SPT fracture sample of Cu shows the 
circumferential necking fracture morphology without crack, while from 
Fig. 10(a-UTT), the UTT fracture sample of Cu shows the very significant 
necking, with an 83% reduction of area at fracture. Based on the 
enlarged fracture morphologies of SPT and UTT for Cu in Fig. 10(a-SPT) 
and Fig. 10(a-UTT), there are many dimples of different sizes at the 
fracture surfaces of both tested samples. The dimple holes at the fracture 
edge are large and deep, and the dimples at the centre are small and 
dense. Therefore, based on the comparison of fracture morphologies of 
SPT and UTT, both samples of Cu fractured by the ductile fracture 
mechanism with significant plastic deformation. It is worth noting that, 
comparing with the vertical and circle shape of the dimple corre-
sponding to UTT, the dimple shape corresponding to SPT is elliptical and 
inclined. The reason is that, comparing with the uniform axial tensile 
test, the SPT is with the lower constraint conditions (low thickness and 
biaxial strain conditions) [35], which will lead to the change of dimple 
shape. 

As shown in Fig. 10(b-SPT), the SPT fracture sample of CuCrZr shows 
the mixed circumferential necking and a few radial tearing edges, while 
as shown in Fig. 10(b-UTT), the UTT fracture sample of CuCrZr shows 
the necking phenomenon, but the reduction of area of CuCrZr is about 
31%, significantly lower than that of Cu in Fig. 10(a-UTT). According to 
the enlarged fracture morphologies of SPT and UTT of CuCrZr in Fig. 10 
(b-SPT) and Fig. 10(b-UTT), the dense and shallow dimples are uni-
formly distributed at the fracture surfaces of both SPT and UTT fractured 
samples, and the radial tearing edges of SPT are caused by the combi-
nation of large dimples. Therefore, based on the comparison of fracture 
morphologies of SPT in Fig. 10(b-SPT) and UTT in Fig.10(b-UTT), both 
samples of CuCrZr failed by a ductile fracture mechanism, though the 
deformability is less than that of Cu. 

As shown in Fig. 10(c-SPT), the SPT fracture sample of W shows a 
pure brittle fracture morphology with mixed circumferential and radial 
cracks, while in Fig. 10(c-UTT), the UTT fracture sample of W shows the 
typical brittle character without any necking. According to the enlarged 
fracture morphologies of SPT and UTT of W in Fig. 10(c-SPT) and Fig. 10 
(c-UTT), brittle fracture of W is caused by intergranular fracture. 
Therefore, the fracture mechanism of W for both SPT and UTT are the 
same pure brittle fracture. 

Fig. 10 shows that Cu, CuCrZr and W samples tested under SPT and 
UTT have similar fracture morphology characteristics. This highlights 
SPT as a promising method that can be adopted to understand the 
fracture mechanisms of Cu, CuCrZr and W. 

According to BS EN 10371:2021 [27], the final thickness adjacent to 
the area of failure is measured by cutting the fractured SPT samples for 
Cu, CuCrZr and W, and Fig.11 shows an example of the measurement of 
the final thickness for a fractured SPT sample of Cu. 

Table 6 compares the area reduction (A0-Af)/ A0 of UTT and the 
thickness reduction (h0- hf)/h0 of SPT, where A0 is the original area of 
UTT, Af is the fracture area of UTT, h0 is the original thickness of SPT, hf 
is the final thickness of SPT. It is clearly that, the thickness reduction of 
SPT is correlated with the area reduction of UTT, but their variation 
degrees with material are different. Firstly, the area and thickness have 
different units, and their quantitative comparison is not equally. 

Fig. 8. Comparison of load-displacement curves between finite element simu-
lation and experiment. 

Fig. 9. Load-displacement curves obtained by finite element simulation.  

Table 5 
Mechanical parameters of SPT for five copper alloys by finite element 
simulation.  

Material Py_Mao/N Py_CEN/N Py_t/10/N Pm/N dm/mm 

C122AN 32.54 26.21 40.06 430.66 1.94 
C715 87.89 74.31 104.16 758.61 1.89 
C464 152.21 133.78 176.87 833.62 1.69 
C102 227.25 185.17 234.91 673.02 1.47 
C150 278.61 226.32 303.53 898.87 1.48  
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Secondly, the stress states of UTT and SPT are also different. 3.5. Correlation of SPT and UTT 

3.5.1. Correlation between yield load and yield stress 
Mao and Takahashi [30] proposed a linear relationship between 

yield stress and yield load, and gave the correlation formula as Eq. (2): 

Fig. 10. Comparison of fracture morphologies between SPT and UTT: (a) Cu; (b) CuCrZr; (c) W.  
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Rp0.2 = α1⋅
Py

t2 + α2 (2)  

where α1 and α2 are the correlation parameters, t is the sample thickness, 
RP0.2 is the yield stress, and Py is the yield load of SPT Eq. (2). was 
applied to predict the yield stress from SPT yield load for steels in the 
NIST research report [36], in-service pipe steel [37], PM aluminium 
composites [38] and additively manufactured materials [39]. 

To understand the applicability of Eq. (2) to Cu and CuCrZr, Fig. 12 
gives the relationship between yield load and yield stress, and Py_Mao, 

Py_CEN, and Py_t/10 are all considered to compare their differences. In 
Fig. 12, the points correspond to the experimental and simulated results, 
while the line is fitted according to Eq. (2). Since W is too brittle to 
exhibit a yield stress, only the experimental results of Cu and CuCrZr are 
given. It is not sufficient to obtain the correlation equation by just two 
experimental data. Therefore, both the experimental data of Cu and 
CuCrZr and the simulated data of five other copper alloys are equally 
considered in the fitting. It can be seen that both the experimental data 
points and the simulated data points support the positive correlation 
between yield load and yield stress. Amongst Py_Mao, Py_CEN, and Py_t/10, 
the correlation coefficient corresponding to Py_CEN in the CEN standard is 
the highest. Therefore, although the materials vary significantly in 
strength, a uniform correlation equation of yield load and yield stress 
can be established for the ductile materials. 

3.5.2. Correlation between the maximum load and tensile strength 
Mao and Takahashi [30] proposed a correlation in the form of Eq. 

(3), between maximum load and tensile strength that incorporated the 
effect of sample thickness. To consider the influence of displacement at 
maximum load, another correlation equation was proposed in the form 
of Eq. (4) [35]. 

Rm = β1⋅
Pm

t2 + β2 (3)  

Rm = β
′

1⋅
Pm

t⋅dm
+ β

′

2 (4)  

where β1, β2, β1
′ and β2

′ are correlation parameters, Rm is the tensile 
strength, Pm is the maximum load, dm is the displacement at maximum 
load. Both correlation equations were applied and compared for the 
suitability of steels in the NIST Research Report [36]. Kumar et al [40]. 

Fig. 11. The measurement of the final thickness: (a) cutting line; (b) thick-
ness section. 

Table 6 
Comparison of the area reduction of UTT and the thickness reduction of SPT.  

Material UTT SPT 
A0/mm2 Af/mm2 (A0-Af)/ A0 h0/mm hf/mm (h0- hf)/h0 

Cu 6.970 1.185 0.830 0.498 0.095 0.809 
CuCrZr 6.851 4.727 0.310 0.497 0.170 0.658 
W 6.965 6.954 0.002 0.501 0.495 0.012  

Fig. 12. Correlation between yield load and yield stress: (a) Py_Mao; (b) Py_CEN; (c) Py_t/10.  
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used Eq. (3) to predict the tensile strengths of 20MnMoNi55, CrMoV 
steel and SS304LN. The application of Eqs. (3) and (4) were discussed for 
nine steel alloys by Chica et al [41].. In addition to the steels, these 
correlation equations were applied to PM aluminium composites [38] 
and additively manufactured materials [39]. 

To understand the applicability of correlation equations of the 
maximum load and tensile strength to Cu, CuCrZr and W used in plasma- 
facing components, Fig. 13(a) and (b) give the relationship between the 
maximum load and tensile strength based on Eqs. (3) and (4), respec-
tively. The points correspond to the experimental and simulated results, 
while the lines are fitted according to the correlation equations. Since 
the mechanical behaviour of W is completely different to the ductile 
materials, two fitting lines are compared in Fig. 13, where the red solid 
lines named as “Fit with W” are fitted to the data of both ductile ma-
terials and brittle W, and the blue dashed lines named as “Fit without W” 
are fitted only to the data of ductile materials. With regard to the blue 
dashed line, although the ductile materials cover a wide strength range, 
one uniform equation can be observed, and Eq. (3) provides the higher 
correlation coefficient of 0.93. However, if the data of both ductile 
materials and brittle W are considered in the fitting, corresponding to 
the red solid line, both correlation equations will fail, and provide low 
correlation coefficients, particularly Eq. (4) corresponding to the red 
fitted solid line in Fig. 13(b) with a correlation coefficient of 0.01. 

Therefore, when determining a correlation equation between the 
maximum load and tensile strength, a correlation equation should be 
determined for brittle materials and ductile materials separately, due to 
the great difference in mechanical character. However, for ductile ma-
terials, although the tensile strength varies greatly, one uniform equa-
tion can be observed based on Eq. (3). 

3.5.3. Correlation between the displacement at maximum load and fracture 
elongation 

In addition to yield stress and tensile strength, fracture elongation is 
another important parameter for engineering materials. Rodriguez et al 
[42]. proposed a correlation equation between the displacement at 
maximum load of SPT and the fracture elongation of UTT, as follows in 
Eq. (5): 

A = γ⋅
dm

t
(5)  

where γ is the correlation parameter, and A is the fracture elongation. 
Garcia et al [35]. used this equation to predict the fracture elongation of 
steel by SPT, but found that the predicted fracture elongation was not 
accurate. Leclerc et al [29]. also found that the above correlation has 
limited material applicability Fig. 14.(a) gives the fitting result by Eq. 
(5) for the materials in this paper. It can be found that whether the data 
of brittle material W is considered or not, the fitted lines do not agree 

with the experimental and simulated data. Therefore, Eq. (5) is not 
suitable for describing the correlation between displacement at 
maximum load and fracture elongation for the materials studied in this 
paper. 

To improve the applicability of the correlation equation, the inter-
cept is added in Eq. (5) [36,43] as follows: 

A = γ1⋅
dm

t
+ γ2 (6)  

where γ1, γ2 are the correlation parameters. NIST [36] used Eq. (6) to 
correlate the displacement at maximum load and fracture elongation for 
steels with acceptable correlation coefficients, and Bravo Díez et al [43]. 
found that Eq. (6) was also suitable for magnesium alloys Fig. 14.(b) 
gives the lines fitted via Eq. (6) to the experimental and simulated data. 
When the brittle material W is not considered, the fitted blue dashed line 
effectively describes the relationship between the displacement at 
maximum load and fracture elongation. However, when the brittle 
material W is considered, as in the red solid line, the data points deviate 
significantly from the fitted line, and the correlation coefficient de-
creases to 0.71. 

In previous studies about the correlation between the fracture 
elongation and the displacement at maximum load [29,35,36,42], the 
linear correlation equation was preferred. But as shown in Fig. 14(b), if 
the linear equation is used, the correlation equations of brittle and 
ductile materials should be constructed separately. In order to give a 
general correlation equation for ductile and brittle materials, the 
power-law equation proposed by Mao and Takahashi [30] as Eq. (7) is 
applied to correlate the fracture elongation and the displacement at 
maximum load. 

A = γ3

(
dm

t

)γ4

(7)  

where γ3, γ4 are the correlation parameters. As shown in Fig. 14(c), 
whether the brittle material W is considered or not, the power-law 
equation Eq. (7) can give the consistent curve, and it can better 
describe the relationship of the fracture elongation and the displacement 
at maximum load than the linear equations. Therefore, the power-law 
equation can correlate the fracture elongation and the displacement at 
maximum load for ductile and brittle materials by one master curve. But 
it needs to be mentioned that, since only one brittle material W is tested, 
whether it is suitable for other brittle materials, it needs further exper-
imental studies for more brittle materials. 

4. Conclusion 

In this paper, SPT and UTT were carried out on the plasma-facing 
component materials Cu, CuCrZr and W, and the correlations between 

Fig. 13. Correlation between the maximum load and tensile strength: (a) Pm/t2; (b) Pm/t•dm.  
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SPT and UTT are established with respect to various mechanical prop-
erties: load-displacement curve vs. true stress-true strain curve, yield 
load vs. yield stress, maximum load vs. tensile strength, displacement at 
maximum load vs. fracture elongation. It is demonstrated that SPT can 
effectively characterize the variation in mechanical properties and 
fracture mechanisms exhibited by Cu, CuCrZr and W. 

Combining the test results of Cu, CuCrZr and W and the finite 
element simulation results of five other copper alloys with a wide range 
of mechanical properties, the quantitative correlation equations of yield 
load vs. yield stress, maximum load vs. tensile strength, and displace-
ment at maximum load vs. fracture elongation have been established. 
Although mechanical properties of the ductile materials varied greatly, 
one unified linear equation can describe the correlation between SPT 
and UTT, but the introduction of the brittle material W invalidated the 
linear correlation equation. The correlation equations of strength pa-
rameters need to be determined separately for ductile materials and 
brittle materials, but the power-law equation can correlate the fracture 
elongation and the displacement at maximum load for ductile and brittle 
materials by one master curve. 
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