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Abstract
The main objective of this work is to analyze structural hardening by direct friction welding on two austenitic materials of 
the AISI 304L and AISI 316L series that were welded separately (similar welding) followed by a combined (mixed) weld-
ing. The friction welding parameters such as rotation speed, applied pressure (friction and forging), and holding time were 
carefully selected and optimized. Forty welding operations and thirty post-welding nominal tensile tests were performed, 
with the sole purpose of obtaining the rational curves. To achieve this objective, the results of the tensile tests were collected 
and analyzed. The rational curves allowed us to proceed by classical analytical modeling to quantify the effect of welding 
on the work-hardening behavior of the two stainless steel samples. The microstructure of each welded joint condition was 
analyzed and compared to each other.
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1 Introduction

Austenitic steels, and more precisely, AISI 304L and AISI 
316L, are becoming indispensable in many fields, such as 
nuclear, building and public works, shipbuilding, automo-
tive, aeronautics, tooling, mechanical industry, food indus-
try, chemicals, transportation, and medical [1]. This wide 
scope of use of these ready materials in various industrial 

applications can be extended to welding applications due to 
their impressive characteristics such as elastic limit, ductil-
ity, resistance to corrosion and oxidation, weldability, form-
ability, and level of toughness.

In the current study, we are interested in direct friction 
welding as a solid-state bonding process, in which this pro-
cess can utilize the heat generated between two friction 
surfaces [2]. This process uses two phases: (i) friction and 
(ii) forging [3]. Major parameters can control the processes 
which are the rotational speed, force, and holding time of the 
friction phase and the forging phase [4]. The microstructure 
produced in the welded joint can be strongly affected by the 
strain hardening of the mechanical properties of the base 
materials. This process is of great interest to contemporary 
researchers, in particular, in the case of using austenitic 
steels [5–7]. The previously published studies in this field 
have generally focused on the effect and optimization of the 
abovementioned parameters for obtaining joint properties 
that are as close as possible to the base material.

During the last two decades, extensive works have been 
conducted and reported on the austenitic steels in particular. 
Ozdemir [8], for example, has comprehensively analyzed the 
effect of the variation of the rotation speed during a direct 
friction welding operation, carried out on bars of 12 mm in 
diameter using two austenitic steels, AISI 304L and AISI 
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4340. The study found that a rotation speed of about 2500 
rpm increased the tensile strength of the post-weld joint. In 
another study [8] conducted on aluminum alloy AA6082 and 
austenitic stainless steel AISI 304, the authors showed that 
the friction force has a great impact on the tensile strength 
of the produced joint with an order of two times compared to 
maintaining the friction and forging. In the same direction, 
Ananda et al. [9] performed mixed welding operations on 
bar samples (20 mm in diameter) taken from AISI 1010 and 
ASTM B22 standards. The authors found that the optimal 
process was for a friction force of 20 MPa, a forging force of 
22 MPa, and a forging time of 5 s. Another friction welding 
experiment on two other steels AISI 316L and 1045 MCS 
showed that the increase in the forging force of the interface 
hardness can induce an increase and the ultimate tensile 
strength and a decrease in the ductility. Other authors [10] 
have observed that a failure at the joint turn has occurred on 
the heat affected zone (HAZ) side of AISI 316L. As a result 
of this, the study found that the forging force has a positive 
effect on the evolution of mechanical properties around the 
interface of the welded joint.

Through this work, our interest was to analyze the effect 
of strain hardening that is generated by direct friction weld-
ing (RFW) on two materials of the AISI series, namely 304 
and 316. We gave also make attention to the evolution of 
the flow stress and the post-welding ductility. To this end, 
the previously published works by Ludwik’s law [11], Hol-
lomon’s law [12], Swift’s law [13], and finally Ludwigson’s 
law [14] were conducted on forty welding operations and 
thirty standardized post-welding tensile tests with the main 
objective of identifying the parameters of work hardening, 
using four well-known laws of behavior.

After that, an analysis via these four analytical laws was 
conducted using several combinations of welding opera-
tions, on joints obtained by the use of similar and combined 
(mixed) materials, aiming to quantify the level of degrada-
tion of certain mechanical properties and, in particular, the 
flow stress and ductility with the evolution of the tempera-
ture. To the best of our knowledge, few works have been 
reported in the literature on the hardening behavior and its 
evolution after direct friction welding. In this trajectory, 
Kumar et al. [15] have used four temperatures (ambient, 
550, 600, and 650 °C) to account for the degradation in the 
mechanical properties of Super 304HCu steel upon reduc-
ing the temperature. Using Hollomon’s law, the obtained 
prediction results showed that the strain hardening occurred 
in two stages. Similarly, Kashyap et al. [16, 17] have tested a 
range of temperature values from 21 to 900 °C on the tensile 
performance of the AISI 316L substrate. They found that 
the rate of deformation varied from  10−5 to  10−3  s−1 and the 
presence of two to three distinct rates of deformation. Simi-
larly, Li et al. [18, 19] have arrived at the same conclusion 
based on the results of tensile tests performed on AISI 316L 

and AISI 316LN substrates cold-rolled previously. Using 
two behavior laws, Hollomon’s and Ludwigson’s, they con-
cluded that the post-processing behavior can be correctly 
described by Ludwigson’s law, which was further confirmed 
by the results of the tensile tests on cold-rolled samples of 
the aforementioned substrates.

2  Experimental tests and process 
parameters

Friction welding (RFW) between two surfaces generates 
a heat flow around the interface, where the first sample is 
fixed and rotated, and the second moves linearly under the 
effect of an axial force. The movement of the two parts on 
either side causes the temperature to rise to 1000 °C under 
certain conditions related to the two surfaces in friction and 
the conductivity of the used material and its diameter. This 
temperature level brings the solid material around the inter-
face to a pasty state. Naturally, as the friction decreases, the 
temperature starts to drop in the open air due to the effect of 
the rotation. From our reported work in Ref. [20], the pro-
cess involved stopping the rotation, announcing the begin-
ning of the forging phase, creating immediately a new zone 
of deformation by contact, accentuating the consumption of 
the material, and giving the final shape of the bead (Fig. 1).

The tensile tests were performed on a universal testing 
machine INSTRON 5500 with a load capacity of ± 100 kN. 
All tests were performed under the same welding conditions 
and under a quasi-static strain rate of 1.6 ×  10−3  s−1. What-
ever the joint configuration of the specimens, they were of 
45 mm in length and 12 mm in diameter and were cut in the 
axial direction according to the standard specification of ISO 
6892-1: 2009 (F); directly from bars of 6 m, the line of the 
joint interface was placed in the center of the specimen. This 

Fig. 1  Different zones of deformations after increasing the tempera-
ture contact as a function of time [20]
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allowed the use of an extensometer and putting it on either 
side of the joint interface.

To describe the effect of time of the friction phase on 
the behavior of the welded joint, we have used four laws of 
behavior as follows:

Ludwik’s law:

Hollomon’s law:

Swift’s law:

Ludwigson’s law:

where rational stress, σ0: threshold stress, K: strain harden-
ing coefficient, ε0: threshold deformation, εp: plastic defor-
mation, nL, nH, and nS: Ludwik’s, Hollomon’s, and Swift’s 
squaring coefficients, respectively; K1, n1: coefficients of 
strength and strain hardening of Hollomon, K2, n2: Ludwig-
son’s strength and strain hardening coefficients.

The work of Ludwigson [10] considered the Holloman 
[11] relationship not capable of describing the plastic behav-
ior at low strains for the stable stainless steel and face-cen-
tered cubic metals with low stacking-fault energy (SFE). 
They have proposed the modified equation listed as Eq. 
(7) to account for the significant positive deviations at low 
strain. The second term on the right-hand side that domi-
nates at low strain indicates planar slip while the first term 
that dominates at high strain represents cross-slip and cell 
formation. Furthermore, Samuel [21] extended the modi-
fied Ludwigson formulation to all materials, regardless of 
SFE. He pointed out that the deviation at low strains is a 
consequence of some unknown “plastic strain equivalent” 
presented in materials. The second term was added to the 
Ludwik model to account for the deviations at low strains 
for stable austenitic stainless steels and other face-centered 
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cubic (fcc) metals with low stacking fault energies. The 
applicability of the Ludwik equations found that the uniform 
strain values depend on the equation used. The calculated 
uniform strain values were found to depend on the equation 
used. Even when the Hollomon equation gave a high linear 
correlation coefficient in log-log coordinates, the strain hard-
ening exponent “n” could give an erroneous uniform strain. 
The equation with the lowest standard error of estimate gave 
the uniform strain nearest to the value obtained by direct 
measurement from the load-elongation curve [14].

3  Results

3.1  Nominal tensile tests

The nominal tensile curves were recorded in stress-strain, 
concerning the base metal and the welded joints, using AISI 
316 and AISI 304 (Fig. 2). The post-weld mechanical prop-
erties of these two metals are summarized in Table 1. Each 
test was repeated several times to maintain the validity of 
the obtained results, especially for the control of symmetry 
of the specimens, the application of the centered load, and 
the final process. The range of test pieces of samples was 
between 5 and 11 (Fig. 3).

3.2  Identification of the hardening laws’ 
parameters

The first law used to describe the mechanical behav-
ior of metals during strain hardening is Ludwik’s law, 
used since the year 1909 and expressed by Eq. 1, with 
σ0, the threshold stress, determined from a tensile test, 
symbolized by KL and nL obtained by linear regression 
plotting of the curve in Eq. 2, shown in Fig. 4. The use 

Fig. 2  An example of the nominal tension curve of friction welding 
operation
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of this model on both welded and non-welded base met-
als showed a good fit for both base metals and mainly 
for AISI 316L. On the other hand, a poor fit was noted 
for the other three post-welded metals. The best fit was 
recorded for the AISI 316L combination, see Table 2. 
Practically, Ludwik’s law gives better results for large 
deformations.

To write Eq. 2, only the second part of Ludwik’s law 
and Hollomon’s law Eq. 1 was used, neglecting the first 
term expressed by the stress σ0. Plotting and linear regres-
sion of the latter rational stress-strain allowed us to deter-
mine the two other parameters (Fig. 5) called Hollomon 
parameters, which helped us to access the two strain-hard-
ening parameters KH and nH, (shown in Table 3). From this 
plot, it can be seen that this second law shows the presence 
of a double hardening zone for the two base metals and 

for the post-welded metal AISI 316L. On the other hand, 
it shows only one zone for AISI 304L (Fig. 5).

In addition to the Swift power-law parameters, KS and nS, 
obtained by smoothing Eq. 4 and based on the Hollomon 
equation shown in Eq. 3, an additional term denoted by (ε0) 
was included and considered a plastic pre-strain. The same 
remarks granted to Hollomon’s law can be made regarding 
the presence of two strain hardening zones (Fig. 6). The 
difference between the latter two laws is that Swift’s law is 
more accurate than Hollomon’s law (Table 4).

To account for the small distortion deviations obtained 
using the first three previous laws, Ludwigson proposed to 
modify Hollomon’s law by adding a second term that is rep-
resented by Eq. 7. The plot of this law, which is known as 
Ludwigson’s law (Fig. 7) shows two linearly trending behav-
iors; the first one is in the large deformation domain (Eq. 8), 
and the second is in the small deformation domain (Eq. 9). 
In this law, the two parameters K1 and n1 are the parameters 
of Hollomon’s law. On the other hand, it is defined by the 
difference between the experimental and Hollomon stress. 
Using Eq. 4, K2 and n2 can be obtained by linear regres-
sion of the equation: lnΔ - εp, and the obtained values are 
grouped in Table 5.

4  Discussion

4.1  Mechanical properties

Figure 2 shows the true tensile curves of the base metals 
called rational curves of similar and dissimilar welded joints. 
In addition, the mechanical properties of these metals are 
presented in Table 1. From these curves, it can be seen that 

Table 1  Post-weld mechanical properties of the two AISI 304L met-
als

tdf. friction time, pdf. friction pressure

σ0 (MPa) ε0 σmax (MPa) εmax

Base metal AISI 304L 618.74 0.005 781.41 0.468
Base metal AISI 316L 541.47 0.005 678.19 0.457
Welded joint AISI 304L

  pdf. = 0 MPa 499.59 0.004 718.11 0.327
  pdf. = 280 MPa 502.91 0.004 703.68 0.324
  pdf. = 300 MPa 450.19 0.003 661.83 0.242

Welded joint AISI 316L
  tdf. = 6.5s 476.52 0.004 672.90 0.444
  tdf. = 8.5s 482.43 0.004 658.07 0.468
  tdf. = 10s 500.69 0.004 670.63 0.231

Fig. 3  a Tensile tests of the AISI 316L joint under three friction times and b tensile tests of AISI 304L gasket under three friction times and base 
metal
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the yield strength of the similar and dissimilar welded joints 
has decreased compared to those of the base metals. In fact, 
for a friction time of 7 s, a decrease of about 19.25% can be 

Fig. 4  An example for Ludwik’s strain hardening curve

Table 2  Hardening parameters obtained by smoothing rational curves

tdf. friction time, pdf. friction pressure

Materials z KL (MPa) nL R2

Base material
AISI 304L 920.57 0.6704 0.9665
AISI 316L 859.71 0.7034 0.9890
Welded joint
AISI 304L pdf. = 0 MPa 1020.14 0.5953 0.9203

pdf. = 280 MPa 901.26 0.5498
pdf. = 300 MPa 999.74 0.5719 0.9268

AISI 316L tdf. = 6.5s 851.67 0.5703 0.9591
tdf. = 8.5s 788.31 0.5597 0.9527
tdf. = 10s 807.46 0.5681 0.9468

Fig. 5  An example for Hollomon’s strain hardening curve

Table 3  Hardening parameters of Hollomon’s law

tdf. friction time, *strain hardening parameters for large deformations

Material KH (MPa) nH R2

Base materials* (1)
AISI 304L 1422.11 0.2539 0.9983
AISI 316L 1181.68 0.2226 0.9983
Welded joints
AISI 304L pdf. = 0 MPa 1096.41 0.1504 0.9873

pdf. = 280 MPa 1043.56 0.1334 0.9906
pdf. = 300 MPa 998.74 0.1424 0.9967

AISI 316L* tdf. = 6.5s 1190.46 0.2330 0.9977
tdf. = 8.5s 1117.22 0.2059 0.9969
tdf. = 10s 1082.46 0.1759 0.9977

Fig. 6  Swift strain hardening curve

Table 4:  Hardening parameters of Swift's law.

tdf. *strain hardening parameters at large strain

Materials KS (MPa) nS ε0 R2

Base metal* (in French)
AISI 304L 1429.38 0.2612 0.0049 0.9985
AISI 316L 1182.04 0.2262 0.0049 0.9981
Welded joints Time and pressure (s)
AISI 304L 0 MPa 1123.72 0.165 0.0039 0.9928

280 MPa 1070.09 0.1475 0.0039 0.9949
300 MPa 1025.46 0.1558 0.0029 0.9992

AISI 316L* 6.5s 1194.28 0.2380 0.0039 0.9979
8.5s 1121.69 0.2110 0.0039 0.9973
10s 1089.09 0.1817 0.0039 0.9981
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observed for the AISI 304L joint and 12% for the AISI 316L 
joint. These results confirm a high stiffness of the AISI 304L 
metal compared to the AISI 316L substrate. On the other 
hand, there is a higher ductility for the AISI 316L, which is 
contrary to the AISI 304L metal. As an example, for a fric-
tion time of 7 s, a decrease in ductility of the order of 2.84% 
can be noted for the joint AISI 316 and 30.12% for the joint 
AISI 304L, respectively. Moreover, it was observed that for 
a similar welded joint with a longer friction time, low tensile 
strength, low ductility, a high level of micro-hardness, and 
high plastically deformed zone (HPDZ), while for a shorter 
friction time, an opposite trend was obtained as a result of 
the accumulated heat at the joint not having enough time to 
diffuse. More details on the microhardness and the HPDZ 
influence on the AISI 204L and AISI 316L are available 
elsewhere [1, 20].

Therefore, the use of higher rotational speed and shorter 
friction time can increase the maximum stress of the welded 
joint [7]. On the other hand, for a dissimilar joint, high duc-
tility was recorded with a friction time of 6.5 s and high ten-
sile strength in the case of a friction time of 8.5 s. This can 
be attributed to the mechanical and thermophysical proper-
ties of the post-weld strain hardening of the dissimilar joint 
that mainly influence the mechanical behavior of this type 

of joint, as the temperature reached by each joint is depend-
ent on the thermophysical properties of the two metals to 
be welded and the selected friction time [1]. Therefore, the 
stress-temperature relationships for each joint should affect 
the joint properties resulting from the welding operation 
[20]. A short friction time of 6.5 s has shown a hardening at 
the rotating part and softening at the fixed part, which signi-
fied the weak mechanical action related to the rotating part. 
However, at a longer friction time of 10 s, a symmetrical 
shape of the softening profile on both sides was observed. 
In the same process, for the seal AISI 304L, we can see a 
general softening of the fracture face. At a shorter friction 
time of 6.5 s, the highly plastically deformed zone (HPDZ) 
was found on the AISI 316L joint. Therefore, at a longer 
friction time of 8.5 s, the HPDZ has an average value for 
the AISI 304L [1].

4.2  Hardening capacity

The hardenability of a material can be considered a ratio of 
the ultimate tensile strength σmax to the yield strength σY [22, 
23]. Chiu et al. [22] redefined a normalized hardenability 
parameter denoted by  Hc, as follows:

Fig. 7  Examples of a Ludwigson strain hardening curve

Table 5  Hardening parameters 
of Ludwigson’s law

Metals K1 (MPa) n1 K2 n2 R2

Base metal
AISI 304L 1422.11 0.2539 5.8759 −32.727 0.9890
AISI 316L 1181.68 0.2226 5.4103 −34.968 0.9974
Welded joints
AISI 316L tdf. = 6.5s 1190.46 0.233 5.2414 −28.323 0.9953

tdf. = 8.5s 1117.22 0.2059 5.1095 −31.83 0.9905
tdf. = 10s 1082.46 0.1759 4.9194 −44.216 0.9923
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The curing ability of base metals and similar and dis-
similar welded joints is shown in Table 6. We found an 
improvement in the curing ability of the welded joints com-
pared to the base metals. In the case of similar welded joints, 
there was a higher curing ability of the AISI 304-AISI 304 
joint due to a higher curing ability of the AISI 304 base 
metal. Similarly, a higher curing capacity was obtained on 
dissimilar AISI 304L welded joints, and the curing capac-
ity decreased with friction time for the AISI 316 joint but 
increased for the AISI 304L joint. The hardening capacity 
of a material is normally related to its yield strength which 
can be furthermore associated with the microstructure and 
texture of the material.

An increase in the grain size should decrease the value 
of the yield strength according to the Hall-Petch relation-
ship and increase the storage capacity of dislocations, 

(10)HC =
�max − �Y

�Y

=
�max

�Y

− 1
leading to a higher hardening capacity [24–26]. A decrease 
in grain size reduces the difference in flow resistance 
between the grain boundary and the interior, which in 
turn reduces the hardening capacity [27–30]. However, the 
hardening capacity of similar welded joints is higher than 
that of base metals despite the grain refinement observed 
in the HPDZ (Fig. 3).

4.3  Modeling of post‑weld hardening

In this part of our work, we were interested in modeling 
the isotropic strain hardening behavior using four laws 
identified in the previous discussion, in which we worked 
on two base metals (Fig. 8a and b) before treating the 
welded joints. From these figures, we noticed a good simi-
larity between the Ludwik and Ludwigson laws of behav-
ior with better accuracy for the second model in predict-
ing the behavior of AISI 304L and AISI 316L. Figure 8a 
shows a small deviation in the low deformation region of 
the experimental curve.

Secondly, from the post-weld results, we can state that 
both Ludwik’s and Ludwigson’s laws give better predic-
tions for AISI 316L with a friction time of 8.5 s (Fig. 9). 
On the other hand, the Hollomon and Swift models, pro-
vided the same results for the two remaining times, 6.5 
s and 10 s for the AISI 316L substrate (Figs. 9 and 10). 
Based on the above, we can reveal that Ludwigson’s law 
has a better description of the behavior of the two separate 
base metals and of the AISI 316L combination. On the 
other hand, fitting the experimental data showed better 
quality to Swift’s model than Hollomon’s model for both 
combinations for the AISI 304L.

Table 6  Strain hardening capacity of the base material and the 
welded joint

Metals σy (MPa) σmax (MPa) HC

AISI 304L 618.74 781.41 0.27
AISI 316L 541.47 678.19 0.25
AISI 304 tdf. = 0 s 499.59 718.11 0.43
AISI 304L tdf. = 5 s 502.91 703.68 0.39
AISI 304L tdf. = 8 s 450.19 661.83 0.47
AISI 316L tdf. = 4s 476.52 672.90 0.41
AISI 316L tdf. = 5 s 482.43 658.07 0.36
AISI 316L tdf. = 6.5 s 500.69 670.63 0.33
AISI 316L tdf. = 8.5 s 427.94 629.40 0.47
AISI 304L tdf. = 10 s 453.48 677.12 0.49

Fig. 8  Comparison of the tested models against the obtained experimental results for the two base materials
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Fig. 9  Effect of friction pressure on post-weld work hardening, AISI 304L

Fig. 10  Effect of friction time on the post-weld hardening of AISI 316L for a 10 s and b 8.5 s
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4.4  Evolution of curing parameters as a function 
of friction time

The strain hardening exponent was evaluated by Hollomon’s 
and Swift’s laws for both AISI 304L and AISI 316L joints, 
and the results are depicted in Fig. 11, whereas the strain 
hardening exponent was evaluated by the Ludwigson’s law 
for the AISI 316L joint (Fig. 11). The strain hardening expo-
nent is a measure of a metal’s ability to work-harden; the 
larger its magnitude, the greater the strain hardening for a 
given amount of plastic deformation [24, 31]. The higher the 
value (n), the more the material can deform before instabil-
ity and can be stretched further before the onset of straining 
[27, 32–37]. From Fig. 11, it can be seen that the hardening 
exponent of the AISI 304L joint, for a friction time of 6.5 s, 
is higher than that of the AISI 304L base metal, which corre-
sponds to a higher hardening. The strain hardening exponent 
was reduced at a friction time of 8.5 s and then increased 
again at a friction time of 10 s. Note that the strain hardening 
exponent took the maximum value for a friction time of 10 
s corresponding to the highest hardening.

The variations of the normalized strain hardening coef-
ficient (K/E) as a function of friction time for the two com-
binations AISI 304L and AISI 316L using both Hollomon’s 
and Swift’s laws are shown in Fig. 12. It can be seen that 
the normalized strain hardening coefficient has a maximum 
value for the AISI 304L-AISI 304L joint at a friction time 
of 6.5 s, then decreased for the 8.5 s time, and rose again at 
a friction time of 10 s. In the case of the AISI 304L joint, it 
can be seen that the values of the normalized strain harden-
ing coefficient were very close for friction times 6.5 s and 
8.5s. The maximum values were recorded for the welded 
joint at 8.5 s and a remarkable decrease was observed for 
a friction time of 10 s. From Fig. 13a, it is observed that 
the strain hardening exponent n1 decreased as the friction 

time increased for the AISI 316L joint. Similar behavior 
was noted for the two other parameters of Ludwigson’s law 
n2 and K2 (Fig. 13b). Compared to the parent metal, the 
strain hardening exponent n1 reached its maximum value for 
a friction time of 6.5 s corresponding to the highest strain 
hardening.

4.5  Analysis of fracture surfaces

The fracture surfaces observed by the SEM technique of 
similar joints are shown in Fig. 14. Dimples are observed in 
the fracture surface of all welded joints indicating that the 
primary failure mechanism is ductile; the same observations 
are noted by [28, 38–41]. These fracture surfaces exhibited 
a combination of equiaxed dimples and elongated dimples 
at all welded joints, which indicated a shear movement of 
the material in this region. A ductile fracture in all welded 
joints was observed to occur in three stages: (1) void nuclea-
tion, (2) void growth, and (3) void coalescence resulting in 
a dimpled fracture surface.

Crack extension in the welding joint of the two grades of 
steel is governed by ductile failure mechanism, namely, the 
nucleation of microvoids and the growth and coalescence of 
these microvoids. However, for the dissimilar AISI 304L/
AISI 306L joint at different friction times, voids close to 
the void are not elongated along the direction of loading but 
along the shearing stress direction component that induced 
failure by mode II superimposed with mode I. Therefore, 
the crack extension has a zigzag path characteristic of mixed 
mode (I + II) failure mode. This zigzag mechanism can be 
seen in Fig. 14a and b. The crack path is linear along a direc-
tion that is close to the pure mode II bifurcation angle (see 
Fig. 14a,b). Therefore, ductile crack extension is governed 
by the intensity of the shearing mode induced by the differ-
ence in dissimilar inclusions. Due to hard particles inside 
voids (these particles promote void nucleation by stress 

Fig. 11  Evolution of the strain hardening exponent as a function of 
the friction time, AISI 304L and AISI 316L

Fig. 12  Evolution of the normalized strain hardening coefficient 
(K/E) as a function of the friction time, AISI 304L
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Fig. 13  Evolution of the hardening parameters as a function of the friction time, AISI 316L

Fig. 14  Position of the tensile fracture with a similar grade
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concentration), voids cannot be closed by compressive 
stress, and crack extension is then stable in the void direc-
tion according to the scheme in Fig. 14c and d for the similar 
grade. If the stress is positive and higher than the opening 
stress at some distance ahead of the void tip, dislocation 
extension then occurs in the principal direction, which cor-
responds to the maximum stress direction.

Some wide and deep dimples in the AISI 316L welded 
joint at a friction time of 6.5 s and 8.5 s suggested a high 
elongation before failure, while thin and shallow dimples in 
the case of an AISI 316L welded joint at a friction time of 
10 s indicated limited elongation and high strength before 
failure (Fig. 15a). In addition, it was observed that the AISI 
304L joint (Fig. 15b) has a greater capacity for thermoplas-
tic deformation than both AISI 316L and AISI 304L joints 
demonstrated by the absence of a spiral shape on the frac-
ture surface and resulting from the metal flow that occurs 
near the plane of the weld causing the rotating part to move 
against the fixed part [41–52].

5  Conclusion

This study analyzed the work-hardening behavior of two 
austenitic steels AISI 304L and AISI 316L that were 
welded separately by direct friction. The use of behavior 
laws allowed us to elucidate the role of strain hardening 

generated by post-welding friction. The laws of Hollomon 
and Swift showed the presence of a double zone of harden-
ing for the two joints AISI 304L and AISI 316L. On the 
other hand, it showed only one zone for the AISI 304L 
metal. Based on our obtained experimental results in this 
study, the two analytical laws of Ludwik and Ludwigson, 
in our opinion, can be used safely to describe the strain 
hardening behavior for the two base metals AISI 304L 
and AISI 316L. However, Swift’s law gave better results 
and greater accuracy than the other laws in describing the 
strain hardening behavior of the AISI 304L and AISI 316L 
materials. Finally, we found that Ludwigson’s law is the 
most suitable model to describe the behavior of AISI 316L 
metal. The highest strain hardening exponent was recorded 
for (i) AISI 304L at a pressure of 280 and 300 MPa and 
(ii) for the AISI 316L metal at a friction time of 6.5, 8.5, 
and 10 s.

On the other hand, we noted that the best post-welding 
mechanical properties were obtained for the time of 8.5 s, 
while the highest work-hardening exponent was recorded 
at a friction time of 6.5 s for the AISI 316L joint. The 
welding of the basic materials AISI 316L and AISI 304L 
allowed us to obtain joints with better mechanical prop-
erties for a friction time of 6.5 s. On the other hand, the 
AISI 304L joint, for a friction time of 8.5 s, gave better 
mechanical properties.

Fig. 15  SEM observation, a AISI316, b AISI 304L, for three friction times (6.5, 8.5 and 10 s)
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