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Abstract
The mechanical properties and fracture mechanism in different micro-regions of the nickel-based welding joint with the 
ENiCrMo-3 as the electrode and 15CrMoR as the base material are studied based on small punch test (SPT) and micro-
scopic observation. The load–displacement curves in different regions containing base metal zone (BMZ), heat-affected 
zone (HAZ) and welding metal zone (WMZ) are obtained by SPT, and the distribution laws of yield load Py, the maximum 
load Pm, the displacement corresponding to the maximum load um and the fracture energy ESP are analysed. The yield load 
Py and the maximum load Pm in BMZ and HAZ are similar, and both are lower than those in WMZ, while the displacement 
corresponding to the maximum load and the fracture energy in BMZ and HAZ are similar and larger than those in WMZ. 
Therefore, the WMZ is with better strength, but weaker ductility than BMZ and HAZ. The fractured SPT specimens and 
the metallographic observations reveal that the failure mode in BMZ is the significant circular necking forming a “C” type 
ductile fracture. But in WMZ, the secondary cracks combined with the primary circular crack form a “Y” type fracture 
morphology with the mixed brittle and ductile fracture mode. In this study, the characterizations of mechanical properties 
and fracture modes in different micro-regions of nickel-based welding joint are achieved by SPT, which is meaningful to 
comprehensively understand the fracture behaviour of the nickel-based welding joint.

Keywords Nickel-based welding joint · Small punch test · Fracture mode · Micro-region · Load–displacement curve · 
Fracture energy

Nomenclature
Py  Yield load (N)
Pm  Maximum load (N)
fA  The load corresponding to point A (N)
fB  The load corresponding to point B (N)
um  The displacement corresponding to the maxi-

mum load (mm)

uA  The displacement value corresponding to point 
A (mm)

uB  The displacement value corresponding to the 
specimen thickness (mm)

ESP  Fracture energy (MJ)
ESPm  The fracture energy corresponding to the maxi-

mum load of the load–displacement curve (MJ)
ESPw  The fracture energy corresponding to the entire 

load–displacement curve (MJ)
Py_Mao  Yield load derived by the method of Mao (N)
Py_CEN  Yield load derived by the method in CEN (N)
Py_inf  Force corresponding to the first inflexion point 

in SPT curves (N)
Py_t/10  Yield load obtained by translating the tangent 

line of the elastic phase curve to the right by 
1/10 of the thickness of the specimen t (N)

σy  Yield stress (MPa)
σy_Mao  Yield stress in the correlation equation proposed 

by Mao (MPa)
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σy_Cue  Yield stress in the correlation equation proposed 
by Cue (MPa)

t  Small punch test specimen thickness (mm)
α  Empirical fitting parameter
α1  Slope
α2  Intercept
D  Lower die punching diameter (mm)
d  Upper die punching diameter (mm)
th1  The minimum thickness of the specimen in 

BMZ (mm)
th2  The minimum thickness of the specimen in 

WMZ (mm)
SPT  Small punch test
SMAW  Shielded metal arc welding
PWHT  Post-weld heat treatment
BMZ  Base metal zone
HAZ  Heat-affected zone
WMZ  Welding metal zone
TIG  Tungsten inert gas
A-TIG  Activating flux TIG welding
DIC  Digital image correlation

1 Introduction

Cr–Mo steel, a low carbon steel with the addition of Cr 
and Mo alloying elements, is with good high-temperature 
strength, corrosive environment resistance and oxida-
tion resistance, widely used in pressure equipment in the 
severe conditions, such as oil and gas storage and process-
ing equipment, thermal power and nuclear power equip-
ment and steam turbine cylinder blocks [1–3]. However, the 
welding joint of Cr–Mo steel is usually the weak link of the 
equipment, and researchers paid attentions on its strength. 
Nagaraju et al. [4] studied the effect of shielded metal arc, 
tungsten inert gas (TIG) and activating flux TIG welding 
(A-TIG) welding processes on the microstructure evolution, 
mechanical properties and residual stress in different regions 
of 9Cr-1Mo steel welding joint, and found that the yield 
strength and tensile strength decreased from welding metal 
zone (WMZ) to base metal zone (BMZ). Storesund et al. 
[5] studied the effect of post-welding heat treatment on the 
hardness and impact toughness of 1Cr-0.5Mo and 2.25Cr-
1Mo welding joint, which was performed at 720 °C with 2 h 
and cooled with the rate of approximately 150 °C/h. And 
they found that the post-weld heat treatment significantly 
reduced the hardness and the impact transition temperature 
and increased the upper shelf energy. In practical engineer-
ing applications, nickel-based electrode can be used in 
Cr–Mo steel welding and welding repair [6]. Bhaduri et al. 
[7] studied the tensile properties and impact properties of 
the all-weld and transverse-weld for the dissimilar metal 
joints of 800 alloy and 2.25Cr-1Mo steel with Inconel-182 

electrodes, and analysed the effect of aging on the interfa-
cial microstructure and mechanical properties of the welding 
joints. Since the nickel-based welding joint can effectively 
control the effect of carbon migration on the joint, Laha et al. 
[8] studied the mechanical properties and cracking behav-
iour of the similar and dissimilar joints using Inconel-182 
as the welding material, and found that the creep fracture 
strength of the joint was lower than that of the ferritic steel 
base materials, with the greater strength reduction for the 
joint with 2.25Cr-1Mo steel as base material and the lower 
strength reduction for the joint with 9Cr-1Mo steel as base 
material. Shariatpanah [9] studied the mechanical proper-
ties and microstructure of welding joint with 316L auste-
nitic stainless steel and 2.25Cr-1Mo steel as base materi-
als and with Inconel-182 as the welding material. And the 
results showed that the average hardness, tensile plasticity 
and impact energy of the weld material increased with the 
increase of the overlay layer width, while the tensile strength 
properties were not significantly affected and the fracture 
surface of the tensile specimen showed the ductile character. 
The mechanical properties of Cr–Mo steel welding joints 
using nickel-based welding joints are of wide interest to the 
engineering practice. For the narrow welding zone and HAZ 
of Cr–Mo steel welding joints with nickel-based welding 
material, the traditional mechanical tests are limited by the 
size of the specimen and cannot obtain the local mechani-
cal properties of each zone. Therefore, microspecimen test 
techniques are needed to examine the local mechanical prop-
erties of welding joint.

Small punch test (SPT) is with the advantage to under-
stand the mechanical properties and fracture mechanics 
by micro-specimens [10, 11], which can be performed to 
study the local mechanical properties, toughness transi-
tion temperature and fracture parameters in micro-regions 
of the welding joint. Lyu [12] used the SPT method to 
study the microstructure fracture strength and ductile–brit-
tle transition temperature of SM50YB and SM58Q steel 
welding joints, and found that the SPT provided a useful 
method to determine the reliable ductile–brittle transition 
temperature in various zones of steel welding joint. Nafari, 
M. et al. [13] found that the heat-affected zone (HAZ) 
is the weakest part in Incoloy 800H welding joint, and 
BMZ and WMZ have longer lives than HAZ. Rodríguez 
et  al. [14] characterized the yield strength and tensile 
strength in the HAZ of 30CrMo5-2 welding joint using 
SPT, and obtained the distribution pattern of SPT strength 
parameters in the HAZ. Gülçimen et al. [15] characterized 
the mechanical property of P91 welding joint by small 
punch fracture tests, and found that HAZ with fine grains 
exhibited excellent tensile properties in terms of fracture 
displacement (ductility) and maximum force (strength), 
which is more pronounced at lower temperatures. Lee et al. 
[16] conducted aging treatment on the welding joints of 
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X20CrMoV121 steel and 2.25Cr1Mo steel to investigate 
the degradation of microstructure and fracture toughness 
in HAZ by SPT, so as to evaluate the degradation of mate-
rial properties in micro-regions.

As the application of SPT expands, the SPT standard is 
proposed. The European Committee for Standardization 
released the CEN workshop agreement “Small punch Test 
method for metallic materials” named as CWA 15,627 in 
2007 [17], which contained part A the code of practice for 
small punch creep testing and part B the code of practice 
for small punch testing for tensile and fracture behaviour. 
Chinese National Standard issued “Test method for small 
punch testing of metallic materials for in-service pressur-
ized equipment” with GB/T 29,459 in 2012 [18], and two 
parts were published with part 1 general provisions and 
part 2 method of test for tensile properties at room tem-
perature. The American Society for Testing and Materi-
als issued ASTM E3205-20 “Standard Test Method for 
Small Punch Testing of Metallic Materials” in 2020 [19], 
which is under the jurisdiction of ASTM Committee E10 
on Nuclear Technology and Applications. Recently, the 
European standard EN 10,371 “Metallic materials- Small 
punch test method” was approved by CEN in 2021 [20]. 
Standardized SPT method is the strong foundation for the 
application.

In order to ensure the safety and reliability in the micro-
regions of nickel-based welding joints, relying on the 
advantages of the SPT method, the mechanical proper-
ties of the welding joint with ENiCrMo-3 as the welding 
material and 15CrMoR as the base material are studied 
focusing on the distributions of mechanical properties on 
BMZ, HAZ and WMZ, and through fracture analysis as 
well as microscopic observation, the differences of frac-
ture mechanisms in different micro-regions of welding 
joint are revealed.

2  Small punch tests in different 
micro‑regions of welding joint

The SPT system is shown in Fig. 1, which consists of 
mechanical property testing machine, data acquisition 
system and setup of SPT. Figure 1(b) shows the setup of 
SPT, which is consisting of upper die and lower die, and 
the material of setup is GH4169 high-temperature alloy. 
The lower die has the punching diameter of 4 mm and the 
0.2 mm × 45° chamfer, and the  Si3C ceramic ball is with 
the diameter of 2.5 mm. The displacement loading speed 
is 0.1 mm/min, and the displacement is acquired by the 
extensometer, while the reaction force is acquired by the 
force sensor.

The welding joint is obtained by ENiCrMo-3 as the 
welding material and 15CrMoR as the base material. The 
15CrMoR plates as the base material with the length of 
300 mm, the width of 75 mm and the thickness of 16 mm 
were welded by shielded metal arc welding (SMAW). The 
V-shaped bevel is processed on the ledge of plate, with the 
bevel angle of 35° and the blunt edge of 2 mm. The SMAW 
welding procedure is the multi-layer multi-pass welding 
with the voltage of 20–25 V and current of 1–2A, which 
is the same as the welding procedure of skirt support and 
container for the coke tower in the oil refinery factory. The 
preheating temperature is controlled at 100 °C, and the 
inter-pass temperature is controlled at 100 ~ 300 °C. The 
welding process is carried out in strict accordance with the 
standard GB/T 19,867.1–2005 “Welding procedure speci-
fication for arc welding” [21]. After welding, the welding 
joint was inspected by X-radiological examination accord-
ing to NB/T 47,013–2015 [22], and the welding joint satis-
fied the requirement of grade I, without obvious welding 
defects. The welding parameters are included in Table 1.

Fig. 1  SPT system: (a) test 
machine; (b) setup of SPT
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The standard chemical composition of 15CrMoR base 
material and ENiCrMo3 weld metal is listed in Table 2.

The actual chemical compositions on BMZ, HAZ and 
WMZ were obtained by the EDS energy spectrum test, and 
the test results are shown in Fig. 2, while the chemical com-
positions with the mass percentages are listed in Table 3.

The stress relief annealing post-weld heat treatment with 
600 °C × 2 h + furnace cooling was used. The reason for 
choosing stress relief annealing heat treatment is to elimi-
nate the effect of inhomogeneous residual stress generated 
during the welding process, and improve the repeatability of 
the experimental results.

The sampling method of the SPT micro-specimen on the 
welding joint is shown in Fig. 3, while the plane of SPT 
specimen is parallel with the fusion line to ensure the micro-
structure uniformity of each SPT specimen, which can pre-
sent the mechanical properties in different regions. Firstly, 
a round bar with the diameter of 10 mm perpendicular to 
the fusion line is cut by wire cutting method; then, the SPT 
specimen is obtained by the wire cutting method. In order to 
eliminate the effects caused by machining, the thickness of 
the cutoff discs was 0.6 mm and subsequently sandpapered 
to 0.5 mm.

Each micro-specimen cut from different regions was 
numbered and the position from the center of the welding 
joint was noted. Table 4 lists the thickness, distance from the 
fusion line, and the region where the SPT specimen belongs 
to, while specimens 1# to 3# are in BMZ away from the 
fusion line, specimens 4# to 6# are in HAZ, and specimens 
7# to 12# are in WMZ. Through metallographic observation, 
it can be found that the coarse grain region in HAZ is less 
than 0.5 mm, so only the specimen with the fine grain in the 
HAZ is studied.

3  Results and discussion

3.1  Distribution of SPT mechanical parameters 
for welding joint

3.1.1  SPT load–displacement curves in different 
micro‑regions of welding joint

The micro-specimens 1# ~ 12# in Table 4 were tested by SPT 
at room temperature to obtain the load–displacement curves 

Table 1  Welding parameters and radiographic test results

Welding method Joint type Voltage
(V)

Current
(A)

Welding speed
(mm·s−1)

Inspection method Test standard Grade

SMAW Butt joint 20 ~ 25 120 ~ 140 1 ~ 2 Radiological examination NB/T 47,013–2015 I

Table 2  Chemical composition of 15CrMoR base material and ENiCrMo3 weld metal (mass%)

C Si Mn Cu Ni Cr Mo Nb + Ta Al P S Fe

15CrMoR 0.08 ~ 0.18 0.15 ~ 0.4 0.4 ~ 0.7  ≤ 0.3  ≤ 0.3 0.8 ~ 1.2 0.45 ~ 0.6 / /  ≤ 0.025  ≤ 0.01 /
ENiCrMo-3 0.1 0.5 0.5 0.5  ≥ 58 20 ~ 23 8 ~ 10 3.15 ~ 4.15 0.4 0.02 0.15 5

Fig. 2  Element content of each region

Table 3  Energy spectrum test results

Regin Element keV mass% Error% At%

BMZ/HAZ (15CrMoR) Si 1.739 0.27 0.28 0.55
Cr 5.411 1.32 0.76 1.41
Fe 6.398 97.9 1.24 97.75
Mo 2.293 0.51 0.75 0.29

WMZ (ENiCrMo3) Si 1.739 0.26 0.14 0.54
Cr 5.411 16.64 0.43 18.40
Fe 6.398 32.11 0.59 33.06
Ni 7.471 45.83 1.09 44.89
Nb 2.166 1.41 0.41 0.87
Mo 2.293 3.74 0.40 2.24
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in BMZ, HAZ and WMZ for the nickel-based welding joint, 
as showed in Fig. 4.

In Fig. 4, the load–displacement curves in BMZ show 
typical ductile character, with the wide membrane stretch-
ing stage and the slowly drop stage after the maximum 
load is exceeded. Due to the influence of welding thermal 
cycle, with closer to the fusion line, the maximum load of 
the load–displacement curve in HAZ increases, and the 
slopes of elastic bending stage and plastic bending stage 
increase compared with those in BMZ. There is a certain 
variation range of the load–displacement curve in WMZ, 
which is related to the microstructure inhomogeneity in this 
zone. The differences of the membrane stretching stage and 
fracture damage stage among WMZ, HAZ and BMZ are 
obvious, in which the slope of membrane stretching stage 
of WMZ is highest in three zones, and in the fracture dam-
age stage, there is a “sudden drop” phenomenon in WMZ. 
Moreover, the maximum load in WMZ is larger than that in 
BMZ and HAZ. This indicates that the strength in WMZ is 
higher than that in BMZ and HAZ, and there is mixed brittle 
and ductile failure characteristic in WMZ.

3.1.2  SPT mechanical parameters in different 
micro‑regions of welding joint

Based on the SPT load–displacement curves in Fig. 4, the 
yield load Py, the maximum load Pm, the displacement 
corresponding to the maximum load um, and the fracture 
energy ESP are calculated as listed in Table 5. The Pm is 
the maximum load of the load–displacement curve, and 
the um is the horizontal axis value corresponding to the 
Pm. Py is extracted by the least squares method in BS EN 
10,371–2021 [20], and the determination method is shown 
in Fig. 5. The line segment 0-A is the linear fitting of the 
data in the elastic bending stage, and the line segment A-B 
is the linear fitting of the data in the plastic bending stage. 

Fig. 3  Sampling of welding joint: (a) sampling method; (b) welding plate and SPT specimen

Table 4  Thickness and position of SPT specimen

Specimen 
number

Thickness (mm) Distance from fusion 
line (mm)

Region

1# 0.502 16.8 BMZ
2# 0.500 12 BMZ
3# 0.501 7.2 BMZ
4# 0.502 2.4 HAZ
5# 0.498 1.6 HAZ
6# 0.502 0.8 HAZ
7# 0.502  − 0.6 WMZ
8# 0.500  − 1.2 WMZ
9# 0.500  − 1.8 WMZ
10# 0.499  − 2.4 WMZ
11# 0.499  − 3.0 WMZ
12# 0.501  − 3.6 WMZ

Fig. 4  Load–displacement curves in different micro-regions of weld-
ing joint
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fA is the load corresponding to point A, where point A is 
the intersection of two linear fitting curves, and uA is the 
displacement value corresponding to point A. fB is the load 
corresponding to point B, where the value of X-axis at point 
B is uB, and uB is the displacement value corresponding to 
the specimen thickness. Then, the Py is determined by the 
intersection point of the straight line with x = uA and the 
load–displacement curve.

According to the above method, the distribution patterns 
of strength parameters Py and Pm in different regions were 
obtained, as shown in Fig. 6. It can be seen that the yield 
load Py shows a fluctuating increasing trend from BMZ to 
WMZ, and the maximum value of Py appears in the WMZ 
near the fusion line, while the minimum value appears in 
the BMZ. Moreover, the maximum load Pm shows almost 
consistent distribution law with Py.

When the small ball punching, the SPT specimen deforms 
in the local zone, and with the load increasing, the specimen 
plasticly deforms and thins. After reaching the maximum 
load, the cracks or voids initiate and the specimen fractures. 
For SPT, the plastic deformation ability of the material 
can be characterized by the displacement corresponding 

to the maximum load um. Fleury et al. [23] correlated the 
displacement corresponding to the maximum load um with 
the fracture elongation, which was a plastic parameter in 
the traditional tensile test, and found that the displacement 

Table 5  SPT mechanical 
properties at different micro-
regions

Specimen 
number

Zone Yield load Py (N) The maximum 
load Pm (N)

The displacement corresponding 
to the maximum load um (mm)

Fracture 
energy ESP 
(MJ)

1# BMZ 121.99 1223.79 1.74 1231.29
2# BMZ 115.87 1197.32 1.67 1126.21
3# BMZ 118.96 1201.93 1.73 1166.95
4# HAZ 128.1 1195.93 1.69 1245.41
5# HAZ 121.5 1256.56 1.69 1335.755
6# HAZ 133.5 1298.41 1.75 1195.548
7# WMZ 142.16 1522.52 1.64 1350.28
8# WMZ 136.7 1394.66 1.51 1115.01
9# WMZ 127.81 1373.52 1.52 1062.25
10# WMZ 127.2 1406.9 1.51 1084.41
11# WMZ 123.68 1359.1 1.52 1036.16
12# WMZ 132.91 1378.91 1.49 1046.96

Fig. 5  Determination of Py: (a) 
SPT diagram of load–displace-
ment curve; (b) local diagram 
of the yielding region of the 
load–displacement curve

Fig. 6  Distributions of yield load and the maximum load on the weld-
ing joint
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corresponding to the maximum load had a linear relation-
ship with the fracture elongation. In order to understand the 
distribution of um on the welding joint, the distribution law 
of um in BMZ, HAZ and WMZ is shown in Fig. 7. As shown 
in Fig. 7, the displacement corresponding to the maximum 
load um in BMZ and HAZ is similar, but um in WMZ is sig-
nificantly smaller than that in BMZ and HAZ, indicating that 
the plastic deformability in WMZ is significantly reduced, 
comparing with those in BMZ and HAZ.

To understand the material ductility, the fracture energy 
is widely used, and Fig. 8 shows the calculation method of 
the fracture energy of SPT.

In BS EN 10,371–2021 [20] Metallic materials-Small 
Punch Test method, the fracture energy ESPm is considered 
to be the area enclosed by the load–displacement curve with 
the x-axis and x = um, which is corresponding to the blue 
area in Fig. 8. But the fracture energy of SPT is not only 
containing the elastic–plastic energy consumed during the 
specimen stable deformation period, but also the energy con-
sumed in specimen tearing and crack propagation period. By 
observing the deformation process of SPT, Finarelli et al. 
[24] found that cracks were generated when the load reached 
its maximum value and cracks propagated until the load dis-
appeared. Therefore, the energy consumed in specimen tear-
ing and crack propagation period is also meaningful. The 
fracture energy ESPw which is corresponding to both the blue 
area and red area in Fig. 8 is also used in this paper.

Figure 9 shows the fracture energy distribution in BMZ, 
HAZ and WMZ of the welding joint, where the fracture 
energy ESPm is the zone enclosed by the x-axis coordi-
nate, the load–displacement curve and the vertical line of 
the maximum load Pm, while the fracture energy ESPw is 
the zone enclosed by the x-axis coordinate and the entire 

load–displacement curve. It can be seen in Fig. 9 that both 
ESPm and ESPw have the similar trend, and the fracture energy 
in BMZ and HAZ is generally higher than that in WMZ. 
According to the relationship of the equivalent fracture 
strain and fracture toughness with the SPT fracture energy 
by Mao [25, 26], the fracture energy and fracture toughness 
are linearly correlated. Therefore, the fracture toughness 
in BMZ and HAZ is similar, and the fracture toughness in 
WMZ is lower than that in BMZ and HAZ for the nickel-
based welding joint.

3.1.3  Correlation between SPT yield load and yield stress 
in different micro‑regions of welding joint

To estimate the tensile test yield stress by the SPT yield load, 
Mao et al. [27] proposed correlation Eq. (1):

Fig. 7  Distribution of the displacement corresponding to the maxi-
mum load on the welding joint

Fig. 8  Calculation of the fracture energy

Fig. 9  Distribution of fracture energy on the welding joint
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where σy is the yield stress of the material, Py is the SPT 
yield load and t is the SPT specimen thickness. α is the 
empirical fitting parameter. Table 6 lists the parameter α 
obtained by different researchers [28–30] for different mate-
rials, and it can be seen that the parameter α varies from 
0.343 to 0.476, indicating that the value of the parameter α is 
depending on the material. Moreover, Leclerc Nicolas et al. 
[31] studied the correlation between the load–displacement 
curve and the tensile stress–strain curve, and pointed out 
that the parameter α was also depending on the determin-
ing method of the yield load and the dimensions of the SPT 
setup.

Cuesta et al. [32, 33] proposed a more suitable correlation 
Eq. (2) to correlate σy and Py:

The researchers [32, 34–38] employed Eq. (2) to correlate 
σy and Py, and some of the values of α1 and α2 are listed in 
Table 7, which also indicates the value of the parameters α1 
and α2 is depending on the material, especially the param-
eter α2.

In order to correlate the SPT mechanical parameters with 
the material mechanical properties in different micro-regions 
of the welding joint, the digital image correlation (DIC) 

(1)�y_Mao = � ∙

Py

t2

(2)�y_Mao = �1 ∙

Py

t2
+ �2

technique is used to capture the local mechanical properties on 
the welding joint [39, 40], and the local mechanical property 
parameters in the SPT sampling location can be determined.

As showed in Fig. 10(a), with the DIC strain measurements, 
the strain map was captured in the small punch sampling zone 
of the welding joint. Then, the stress–strain curves in differ-
ent positions were constructed by strain map and load data in 
Fig. 10(b). In Fig. 10(c), the yield stress was obtained from the 
stress–strain curve and the distribution of the yield stress on 
the welding joint was plotted. Since during the tensile test the 
welding joint fractures in BMZ, the entire stress–strain curve 
can be obtained by the DIC method in BMZ, but only part of 
plastic stage of stress–strain curve can be obtained in HAZ and 
WMZ. And the distribution of the ultimate strength in different 
regions cannot be obtained by DIC. Therefore, only the SPT 
yield load is correlated with the DIC yield stress in this paper.

The DIC yield stress and SPT yield load are plotted in 
Fig. 11. The data in BMZ and HAZ have the similar relation, 
but the data in WMZ is different with those in BMZ and HAZ. 
Therefore, the correlation equations are fitting for two groups, 
and the correlation Eq. (1) and Eq. (2) are compared. The DIC 
yield stress and SPT yield load in BMZ and HAZ are fitted 
based on Eq. (1) and Eq. (2) as follows:

(3)�y_Mao = 0.821 ∙
Py

t2

Table 6  Constants α of different 
metals

α Material The method of 
determining Py

Lower die D 
(mm)

Upper die d 
(mm)

References

0.360 Ferritic alloys with Cu, P, 
and/or C alloying elements

Py_Mao 4 2.5 [28]

0.380 HAZ of 30CrMo5-2 Py_t/10 4 2.5 [14]
0.442 Steel and aluminum alloy Py_Mao 4 2.4 [14]
0.476 Steel and aluminum alloy Py_CEN 4 2.4 [30]
0.364 Steel and aluminum alloy Py_t/10 4 2.4 [30]
0.343 Sintered Mo pre-alloyed and 

diffusion-alloyed
Py_t/10 4 2.5 [29]

Table 7  Constants α1 and α2 for different metals

α1 α2 Material The method of 
determining Py

Lower die D 
(mm)

Upper die d 
(mm)

References

0.3 61 HAZ of low-activation ferritic steels Py_Mao - ≈1 [36]
0.34 ~ 0.48 41 ~ 257 Martensitic steel EUROFER97 Py_CEN - 1 [38]
0.892  − 161.9 Aluminum alloy Py_Mao 4 2.5 [32]
0.268 207 Structural steel AE460 Py_t/10 4 2.5 [34]
0.535 14 Cr–Mo steel Py_t/10 4 2.5 [37]
0.633 12.4 Cr–Mo steel Py_inf 4 2.5 [37]
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The yield stress and SPT yield load in WMZ are fitted 
based on Eq. (1) and Eq. (2) as follows:

The yield stress at different micro-regions is estimated 
by the SPT yield loads according to the correlation equa-
tions, and the predicted data are compared with the DIC 

(4)�y_Cue = 0.388 ∙
Py

t2
+ 213.32

(5)�y_Mao = 0.935 ∙
Py

t2

(6)�y_Cue = 0.519 ∙
Py

t2
+ 219.373

data in Fig. 12. As shown in Fig. 12(a), the predicted yield 
stress can well describe the distribution of yield stress on 
the welding joint, and as shown in Fig. 12(b), Eq. (2) is 
with narrower scatter interval. Therefore, based on the cor-
relation equations with two separate groups, the yield stress 
estimated by SPT yield load is in good agreement with the 
DIC test data.

3.2  Failure mode and damage analysis in different 
micro‑regions of welding joint

3.2.1  Failure mode in different micro‑regions of welding 
joint

For SPT, three types of failure modes can be classified from 
ductile to brittle by combining the macroscopic character-
istics of SPT fractured specimen [16, 41]: (1) the first is 
the ductility failure mode, where the specimen undergoes 
significant plastic deformation, necking appears before frac-
ture and the circular necking region is the path of the main 
crack propagation, forming a “C” type crack; (2) the second 
is a mixed ductility-brittle failure mode, i.e. the specimen 
undergoes a limited amount of necking deformation before 
fracture, and the main crack propagates in both the circu-
lar and radial directions, forming a “Y” or “T” type crack; 
(3) the third is the brittle failure mode, where the specimen 
undergoes almost no necking deformation before fracture. 
The fractured specimen is almost no thinning, and the main 
crack initiates from the center to the radial direction, form-
ing a “X” type crack.

Figure 13 shows the fracture morphology of SPT speci-
men in different micro-regions of the nickel-based weld-
ing joint studied in this paper. The “cup-shaped bulge” can 

Fig. 10  Determination of yield 
stress by DIC on the welding 
joint: (a) strain map by DIC; (b) 
stress–strain curve by DIC; (c) 
yield stress distribution

Fig. 11  Correlation of SPT Py/t2 and σy on the welding joint
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be observed in the fractured specimen of BMZ and HAZ 
in Fig. 13(a) and (b), and the deep and dense folds appear 
on the surfaces of deformation zones, which is caused by 
the large plastic deformation during the test. Due to the 

significant necking phenomenon in the plastic deformed 
region, the main crack in the circular direction is generated 
forming a “C” style crack and there are very small secondary 
radial cracks combined with the main circular crack, which 

Fig. 12  Comparison of SPT predicted values with DIC measured values: (a) from the view of distribution; (b) from the view of value

Fig. 13  Fracture morphology of 
SPT fractured specimen in dif-
ferent micro-regions: (a) BMZ; 
(b) HAZ; (c) WMZ
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indicates that the failure mode in BMZ and HAZ is ductil-
ity failure dominated by plastic deformation. The fracture 
morphology of the micro-specimen in the WMZ is shown 
in Fig. 13(c). The folds on the deformed surface are sparse 
and inhomogeneous, and there is rarely circular necking in 
the fractured zone. It should be noted that the primary crack 
and secondary crack form a “Y” type crack on the fracture 
morphology. Therefore, the failure mode in WMZ is a mixed 
ductility-brittle failure mode and dominated by brittleness.

The analyses of fracture morphology prove that the frac-
ture mechanisms in BMZ and HAZ are similar with the duc-
tile fracture mode caused by the large plastic deformation in 
the circular direction, while the fracture mechanism in WMZ 
is the brittle dominated mixed fracture mode caused by the 
crack propagation in both circular and radial directions. The 
fracture mechanisms in BMZ, HAZ and WMZ indicate that 
the plastic deformability in WMZ is weaker than that in 
BMZ and HAZ.

3.2.2  Microstructure damage analysis in different 
micro‑regions of welding joint

In order to understand the differences of microstructure 
damage in different micro-regions of nickel-based welding 
joint, the metallographic microstructures on cross-sections 
of fractured specimens in BMZ and WMZ are observed 
in Fig. 14. Since the failure modes in BMZ and HAZ are 
similar, only the microstructures in BMZ are given. Firstly, 
the fractured SPT specimens were inlayed by polyester and 
cut in the direction of the dashed lines shown in Fig. 14(a) 
and (b). They were sequentially grinded with 800#–2000# 
metallographic sandpaper, then polished to remove surface 
scratches, and washed with ethanol. In order to observe the 
microstructure of the fractured section, the specimens of 
BMZ and WMZ were etched with nitric acid and an aqua 
regia solution mixed with hydrochloric acid (HCl) and nitric 
acid  (HNO3) in the volume ratio of 3:1, respectively.

Figure 14(a-base) shows the cross-section characteris-
tics of the fractured SPT specimen in BMZ. It can be seen 
that the necking thinning phenomenon is very obvious near 
the circular crack, in which the minimum thickness th1 is 
0.18 mm and the thickness thinning ratio is about 64%, so 
the failure mode is ductile failure caused by large deforma-
tion. Figure 14(b-weld) shows the cross-section characteris-
tics of the fractured SPT specimen in WMZ. Opposition to 
the characteristics in BMZ, the cross-section in WMZ shows 
the un-necking characteristic even in the cracked zone, and 
with the minimum thickness th2 of 0.33 mm and the thick-
ness reduction ratio of 34%. Therefore, the difference of the 
necking phenomenon between BMZ and WMZ is clearly 
captured in the cross-section observation.

Figures 14(A1) ~  (C1) give the enlarged views of local 
zones  A1 ~  C1 in Fig. 14(a-base) of BMZ, where  A1 is the 

central zone of the specimen,  B1 is the membrane stretch-
ing zone near failure and  C1 is the bending deformation 
zone. The microstructure observations in BMZ compose of 
pearlite and ferrite, where the brighter colour is ferrite and 
the darker one is pearlite. As shown in Fig. 14(A1) of the 
severely plastic deformed zone, most of the ferrite grains 
are elongated from ball shape to elliptical shape, and part of 
ferrite grains are teared. The grain size of  B1 near the fail-
ure zone in Fig. 14(B1) is smaller than that in the bending 
deformation zone  C1 in Fig. 14(C1), which is due to the grain 
refinement caused by the large plastic deformation in  B1 near 

Fig. 14  Metallographic microstructure of fractured SPT specimen in 
BMZ (left) and WMZ (right): (a) cutting line of BMZ; (b) cutting 
line of WMZ; (a-base) the overall view in BMZ; (b-weld) the overall 
view in WMZ;  (A1),  (B1),  (C1) magnified zones in BMZ;  (A2),  (B2), 
 (C2) magnified zones in WMZ
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the failure zone. During the plastic deformation of metal-
lic materials, the dislocations at the grain boundaries and 
within the grain are activated resulting to the slip movement. 
Hughes et al. [42] found that the grain refinement during 
severely plastic deformation was the result of the dislocation 
slip. In BMZ, due to the tensile deformation of ferrite and 
pearlite by the external force, the ferrite cannot get rid of 
the surrounding pearlite and the bondage of grain boundary, 
resulting in the distortion deformation of ferrite grains. In 
addition, the deformation ability of pearlite is weaker than 
that of ferrite, leading to the appearances of voids and micro-
cracks between ferrite grain and pearlite grain [43]. As the 
plastic deformation increases, the voids preferentially nucle-
ate along the slip zone, and when the voids grow to a certain 
size, micro-cracks appear [44]. With the loading increasing, 
the cracks propagate along the severely deformed ferrite and 
pearlite grains, and finally, the specimen is ductile fractured.

Figures 14(A2) ~  (C2) show the enlarged views of local 
zones  A2 ~  C2 in Fig. 14 (b-weld) of WMZ, where  A2 is the 
central zone of the specimen,  B2 is the fracture zone and  C2 
is the bending deformation zone. As shown in Fig. 14(A2) 
and  (C2), mixed equiaxed and long dendrite can be observed 
in WMZ. The columnar dendrites in the intermediate chan-
nels are predominant, and the discontinuous equiaxed den-
drites in the columnar structure of the fusion zone can also 
be observed. In Fig. 14(B2), for the fracture microstructure 
zone  B2, fine dendrite fragments are observed at the frac-
ture location, and the fracture extends along the direction 
approximately perpendicular to the dendrite stem, which is 
due to the bending of the primary dendrite during the defor-
mation of the SPT specimen. Once the stress value exceeded 
the fracture strength, the primary dendrites brittlely fracture. 
In the WMZ, when the primary dendrite is perpendicular 
to the loading direction, the crack may propagate along the 
direction with lower dendrite bond strength, while when the 
primary dendrite is parallel to the loading direction, it may 
induce transcrystalline fracture, and the cleavage morphol-
ogy appears on the fracture path of dendrite. Since the load-
ing direction for the SPT specimen is closer to parallel to the 
primary dendrite, and the plastic deformation at fracture sec-
tion is limited, the failure mode of the SPT micro-specimen 
in WMZ is the mixture cleavage brittle and ductile fracture.

4  Conclusions

In this paper, the mechanical properties and fracture mecha-
nism in different micro-regions of the nickel-based welding 
joint are studied by SPT. Conclusions are as follows:

(1) SPT strength parameters, containing yield load and the 
maximum load, increase from BMZ to WMZ, and there 
is some dispersion in WMZ. Based on the yield stress 

obtained by the DIC test, correlation equations of yield 
load and yield stress are constructed for BMZ, HAZ 
and WMZ separately.

(2) The displacement corresponding to the maximum load 
um in BMZ and HAZ is similar, and greater than that 
in WMZ, while the SPT fracture energy in BMZ and 
HAZ is generally higher than that in WMZ. BMZ and 
HAZ have similar plastic deformability and fracture 
toughness, and the plasticity and toughness parameters 
in WMZ are lower than those in BMZ and HAZ.

(3) The fracture mode in BMZ and HAZ is with the “C” 
type fracture morphology, and the necking phenom-
enon is obvious around the fracture section, which is 
a typical ductile fracture due to the massive plastic 
deformation resulting in the creation of holes between 
pearlite phase and ferrite phase. The fracture mode in 
WMZ is with the “Y” type fracture morphology, that is 
the secondary cracks combined with the primary crack, 
and the circular necking is inapparent, which is a mix-
ture brittle and ductile fracture mode.
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