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Hardness Prediction of the Heat-Affected Zone
in Multilayer Welded SUS316 Stainless Steel Based
on Dislocation Density Change Behavior

LINA YU, KAZUTOSHI NISHIMOTO, HIROYUKI HIRATA,
and KAZUYOSHI SAIDA

The effects of strain hardening and recovery/recrystallization on the hardness of the
heat-affected zone (HAZ) in multilayer welded austenitic stainless steel SUS316 were
investigated in this study. The results revealed that strain hardening due to welding strain
and softening due to recovery/recrystallization were the dominant factors affecting the hardness
change in the HAZ during multilayer welding process. Furthermore, the relationship between
the strain and dislocation density and that between the recovery/recrystallization and
dislocation density were quantitatively investigated using positron annihilation lifetime
spectroscopy. Based on these results, a new hardness prediction method based on the change
in dislocation density in the HAZ during multilayer welding was proposed. The hardness values
in the HAZ after the multilayer welding were predicted based on the simulated strain and
thermal history, and the calculated hardness values agreed well with the measured results. This
indicates that the newly proposed hardness prediction method based on the dislocation density
change behavior in the HAZ during multilayer welding is valuable and effective for selecting the
appropriate welding conditions before actual welding.
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I. INTRODUCTION

STRESS corrosion cracking (SCC) in welded com-
ponents of austenitic stainless steel is one of the
significant aging degradation problems in nuclear power
plants. SCC is caused by the superimposition of
material, stress, and environmental factors.[1,2] For the
material factor, low-carbon stainless steel was developed
and applied as a countermeasure to prevent the forma-
tion of a chromium-deficient layer (sensitization) caused
by chromium carbide precipitation.[3,4] However, in
recent years, SCC has been confirmed to occur near
the welds of low-carbon austenitic stainless steel pipes,
even in areas where sensitization has not occurred.[5,6]

Subsequent studies reported that when hardening
occurred in the material, the SCC susceptibility[7,8] and
SCC growth rate increased,[9] regardless of the presence
or absence of sensitization. Because hardening has also
been confirmed in welded components where SCC
occurred, the hardening phenomenon due to welding
has attracted attention.

Austenitic stainless steel has a strong tendency for
strain hardening owing to its fcc crystal structure and
low stacking fault energy. High plastic strain can
accumulate during a multilayer welding process. On
the other hand, the accumulated strain hardening can be
reduced or even eliminated during the welding thermal
cycle owing to recovery/recrystallization and grain
growth. For austenitic stainless steels, the effects of
strain hardening,[10] recovery/recrystallization,[11]

dynamic strain aging,[12,13] and other phenomena related
to the hardness change have been studied. However,
hardening in the welded heat-affected zone (HAZ) has
been studied primarily from a mechanical viewpoint,
focusing only on stress and strain; few studies from a
material viewpoint are available. Therefore, the hard-
ening mechanism in a multilayer welded HAZ has not
yet been clarified. To elucidate the hardening mecha-
nism, the dominant factor affecting the hardness change
in the HAZ is to be clarified first. Furthermore, hardness
prediction in the multilayer welded HAZ based on the
hardening mechanism before the actual welding is
crucial for welding safety.
Therefore, herein, the effect of each phenomenon on

the change in hardness was investigated by tensile and
thermal aging tests on pre-strained materials simulating
the HAZ in austenitic stainless steel JIS SUS316. The
hardening mechanism in the multilayer welded HAZ
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was also discussed from the material viewpoint. The
essence of hardness is the ease of dislocation movements
mainly due to changes in dislocation density. When
multiple phenomena are considered at the same time, it
is necessary to discuss the relationship between the
phenomena with dislocation density. Therefore, the
relationship between the dominant phenomena of hard-
ness change and dislocation density was quantitatively
investigated using the positron annihilation lifetime
method.

Positron annihilation lifetime spectroscopy (PALS) is
a non-destructive method that enables the nano-scale
characterization of open-volume defects such as atomic
vacancies and dislocations. Because positrons have a
positive charge, they disappear at interstitial positions
away from the positively charged nucleus if there are no
voids or defects. When voids or defects exist in a
material, they are trapped, and then pair-annihilate with
the surrounding electrons. Hence, the lifetime of
positrons is inversely proportional to the probability
that electrons and positrons meet, that is, the product of
the electron and positron densities. As the electron
density at the defect position is lower than that at the
interstitial position, the positron lifetime increases if
voids or defects are present in the material. In addition,
if the density of lattice defects is higher, the proportion
of positrons trapped at the defect position is higher;
thus, the positron lifetime increases.[14–17]

Based on the observed results, a new hardness
prediction method based on the dislocation density
change behavior in the HAZ during multilayer welding
was proposed, and the validity of the prediction method
was experimentally verified.

II. MATERIALS AND METHODS

In this study, austenitic stainless steel SUS316 was
used as the base material, and YS316 was used as the
welding wire; their chemical compositions are listed in
Table I.

Tensile tests were performed at room temperature of
20 �C to investigate the strain hardening behavior of
SUS316. The shape of the tensile test piece is illustrated
in Figure 1, which is the sample shape required by the
laser heating tensile equipment. The strain rate was set
as 4.2 9 10�5 s�1 to investigate the relationship between
strain and dislocation density, and the relationship
between dislocation density and hardness.

A pre-strained material simulating the strain caused
by welding was fabricated to study the recovery and
recrystallization phenomena. To improve uniformity
and prevent temperature rise during rolling, the plate
material was cold-rolled by 20 pct using multipass
rolling at low speed and low reduction rate. The test

pieces were cut from the central part of the rolled
sample, and the test was performed on the cross section
parallel to the rolling direction. The specimens were cut
using electrical discharge machining, which would cause
the minimal damage to the original state of the material.
The specimens were subjected to various heat treat-

ments to investigate the hardness and dislocation density
reduction behaviors due to recovery and recrystalliza-
tion. The simulated HAZ thermal cycles were applied to
a 20 pct-rolled sample using a high-frequency induction
heating apparatus. The heating rate was 100 �C/s, and
the peak temperature was varied from 600 �C to
1300 �C with a holding time of 1 s and then cooled at
a cooling rate of approximately 50 �C/s in an atmo-
sphere of pure argon. Table II lists the heat treatment
conditions used for the kinetic study of the dislocation
density reduction behavior owing to recovery and
recrystallization. The samples were thermally aged at
300 �C to 950 �C for various holding times with water
cooling for all cases. For comparison, some specimens
were also annealed at 1100 �C for 1 h and then
quenched into water for solution treatment (ST).
Vickers hardness tests were conducted to study the

changes in hardness owing to each phenomenon. After
polishing, the Vickers hardness at the center of the
tensile specimen was measured under a load of 0.098 N
for 15 s, and the average value, excluding the maximum
and minimum values, was obtained from multiple
measurements.
Microstructural observations were performed using

scanning electron microscopy (SEM) and electron back
scattered diffraction (EBSD). Prior to SEM observation,
the samples were polished and electrolytically etched
using the 10 pct oxalic acid solution at room tempera-
ture. Prior to EBSD observation, the samples were
electropolished with 15 pct perchloric acid ethanol at a
voltage of 5.0 V, a current of 0.5 A, and a time of about
30 s.
PALS was used to characterize the lattice defects in

the samples. Positron lifetime measurements were per-
formed using a digital oscilloscope system with photo-
multiplier tubes mounted on BaF2 scintillators. A Na-22
thin-film NA351 positron source was used as the
positron beam source, and the positron lifetime was
measured in an atmosphere at room temperature sand-
wiched between two samples, with approximately

Table I. Chemical Compositions of Materials (Mass Pct)

Material C Si Mn P S Ni Cr Mo Co Fe

SUS316 0.04 0.60 0.93 0.034 0.004 10.16 16.83 2.06 0.20 Bal.
YS316 2 0.08 2 0.65 1.0-2.5 2 0.03 2 0.03 11.0-14.0 18.0-20.0 2.0-3.0 — Bal.

Fig. 1—Tensile specimen for tensile test.
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3 9 106 coincidence counts collected. In addition, the
test pieces were electropolished with 15 pct perchloric
acid ethanol to remove the oxide film formed on the
surface.

Figure 2(a) shows a schematic of the lattice defect
detection using PALS, and Figure 2(b) shows an exam-
ple of PALS peak fit. Positron lifetime spectra were
analyzed using the RESOLUTION[18] and POSITRON-
FIT Extended[19] programs. The dislocation density
change behavior was quantitatively investigated through
multicomponent analysis of the spectra obtained by
using the following Eq. [1].

N tð Þ ¼
Xn

i¼1

Ii
si
exp � t

si

� �
½1�

Here, N(t) is the counting rate, I is relative intensity, s
is positron lifetime, n is the component, and t is time.

Three-component analysis was used to evaluate the
dislocation density, using the following Eq. [2].

Cd ¼ 1=sf � 1=sd þ Iv 1=sd � 1=svð Þ
1� Id � Iv

� Id
ld

½2�

Here, C is defect concentration, I is relative intensity,
s is positron lifetime, l is trapping coefficient, f is free
positron, d is dislocation, and v is vacancy. sf is the
lifetime of free positrons, and the value is 102 ps. The
trapping coefficient used in this study is shown as
follows: ld = 5.1 9 10�4 m2s�1.

A TIG multilayer welding test was performed on
SUS316 using the wire of YS316, which has similar
chemical compositions to that of the base metal. The
shape of the specimen is shown in Figure 3, and the
welding conditions are listed in Table III. A U-shaped
groove with a groove angle of 20 deg, groove depth of
12 mm, and groove radius of 4 mm was applied to the
center of the specimen, and multilayer welding was
performed with 7 layer � 13 pass. After multilayer
welding, hardness measurements were conducted on the
cross section after polishing.
The thermal history and strain in the multilayer welds

were simulated using FEM (Finite Element Method)
simulation software JWRIAN, which was specifically
developed for predicting the thermal history, residual
stress, and deformation of welds.[20,21] Figure 4 shows
the cross section of the 7-layer welds, with the dashed
line indicating the bond boundary. Based on the actual
cross section, the mesh model of 7-layer welds was
created using the PATRAN software. Figure 5 shows
the analysis model, dimensions, and boundary condi-
tions. The element used for the analysis was a 4-node
generalized plane strain element. Boundary conditions
were three-point constrained to prevent rigid body
deformation. A moving welding heat source was used
in the welding analysis. The node distance in the WM
and HAZ was set as 0.3 mm, which was much finer than
that in the BM. The time integration was set as 0.2 s,
which was small enough for dislocation density calcu-
lation. The melting point of SUS316 steel is 1400 �C,
and the temperature-dependent material properties[22]

are shown in Figure 6.

III. FACTORS AFFECTING THE HARDNESS
CHANGE IN MULTILAYER WELDED HAZ

A. Effect of Strain on Hardness Change

The effect of weld-induced strain on the hardness
change in the HAZ was investigated. After the tensile
tests at room temperature with various strains, hardness
measurements were performed on each specimen to
investigate the relationship between plastic strain and
hardness. Figure 7 shows the relationship between the
equivalent plastic strain and Vickers hardness. The

Table II. Heat Treatment Conditions for Recovery or

Recrystallization Analysis

Temperature (�C) Holding Time (s)

300 3, 10, 30
400 1, 10, 30
500 1, 10, 30
600 1, 10, 30, 100
800 1, 30
850 150, 300, 600, 1000
900 30, 60, 120, 180
950 3, 7, 15, 30

Fig. 2—Schematic diagram of positron annihilation lifetime technique.
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Vickers hardness was the average value obtained from
multiple measurements, and the error bars showed the
difference between the maximum/minimum value and
the average value. The equivalent plastic strain was
calculated from the elongation and width of the parallel
section and plate thickness before and after the tensile
test using the following formula (3)[23]: Here, eeq is the
equivalent plastic strain, dl/l, dw/w, and dt/t are the
strain in the tensile, width, and thickness directions,
respectively.

eeq ¼
ffiffiffi
2

3

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðdl=lÞ2 þ ðdw=wÞ2 þ ðdt=tÞ2

q
½3�

The hardness significantly increased with increasing
equivalent plastic strain. Although the welding strain in
the multilayer welded HAZ differs depending on the
welding conditions, welding shapes, and other factors, a
maximum welding strain of ~ 20–25 pct can be intro-
duced into the multilayer welded HAZ.[24,25] This
suggests that the strain introduced in the multilayer
welded HAZ can cause an increase in the hardness
by ~ 100 HV, indicating that strain hardening by weld
strain significantly affects the hardness change in the
multilayer welded HAZ.

B. Effect of Recovery/Recrystallization on Hardness
Change

To investigate the effect of recovery and recrystalliza-
tion caused by the thermal cycle during welding on
hardness change, the pre-strained 20 pct -rolled speci-
mens simulating welding strain were heated at various
peak temperatures with a holding time of 1 s to simulate

the thermal cycles in HAZ. Vickers hardness measure-
ments were performed after the thermal treatment, and
the hardness results are shown in Figure 8. In the figure,
the hardness values before thermal treatment (309 HV)
and after solution treatment (200 HV) are indicated by
dashed lines. The hardness decreased as the peak
temperature increased and softened to the same level
as the hardness of the base metal when the peak
temperature was> 1050 �C, even after thermal treat-
ment for 1 s. This result suggests that the work-hard-
ened areas due to welding would be softened owing to
recovery and recrystallization during the welding ther-
mal cycle.

C. Discussion of the Factors that Affected the Hardness
Change in Multilayer Welded HAZ

It has been reported that a maximum strain of ~ 20 to
25 pct can occur in multilayer welded HAZ, although
this varies depending on the welding conditions, welding
shapes, and so on.[24,25] From the results in Figure 7, it is
possible that hardening of 100 HV or more would occur
when a strain of 20 pct is introduced into HAZ,
suggesting that strain hardening due to weld strain
exerts a significant effect on the hardness change in the
HAZ. In addition, recovery and recrystallization may
also occur when strain hardening occurs owing to the
welding thermal effects. In particular, the part near the
melting point may be softened to the level of the base
material owing to recrystallization, indicating that
softening due to recovery/recrystallization also signifi-
cantly affects the hardness change in the multilayer
welded HAZ. Further, the authors have found that
dynamic strain aging may affect the hardness in HAZ,

Fig. 3—Schematic diagram of specimen for multilayer welding.

Table III. Welding Conditions for Multilayer Welding

Layer Pass Current (A) Voltage (V) Wire Feed Rate (mm/s) Welding Speed (mm/s)

1 1 250 15–16 45 1.67
2 2 220 14–15 45 1.67
3 3 ~ 4 220 14–15 45 1.67
4 5 ~ 6 220 14–15 45 1.67
5 7 ~ 8 220 14–15 45 1.67
6 9 ~ 10 220 14–15 45 1.67
7 11 ~ 13 220 14–15 45 1.67
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but the maximum hardening due to dynamic strain
aging caused by a 30 pct strain was ~ 10 HV.[12]

Compared to the strain hardening due to welding strain
and softening due to recovery/recrystallization, the
effect of dynamic strain aging on hardness was relatively
small. This suggests that strain hardening due to the
welding strain and softening due to recovery/recrystal-
lization are the dominant phenomena affecting the
hardness change in the HAZ during the multilayer
welding process.

Strain hardening is caused by the multiplication of
dislocations, which hinders their movement when apply-
ing strain. Softening due to recovery/recrystallization
occurs because of the annihilation of lattice defects, such
as dislocations. Therefore, the change in hardness in the
HAZ is the change in dislocation density during the
welding process. If the quantitative relationship between
strain and dislocation density and quantitative disloca-
tion density change during thermal cycles are known,
the increment and annihilation of dislocation density
can be predicted by simulating the strain behavior and
thermal history in the HAZ using thermo-elastic-plastic
analysis. Based on these results, the change in hardness
in the HAZ of multilayer welded SUS316 stainless steel
can be predicted from the change in dislocation density.

IV. DISLOCATION DENSITY INCREASE
BEHAVIOR DUE TO STRAIN

To investigate the relationship between the equivalent
plastic strain and the dislocation density of SUS316,
tensile tests were performed at room temperature of
20 �C with strains varying from 5 to 30 pct. After the
tensile tests, the dislocation densities of the specimens
were measured using the positron lifetime method.
Figure 9 shows the relationship between the equiva-

lent plastic strain applied by the room-temperature
tensile test and dislocation density. As the equivalent
plastic strain increased, the dislocation density increased
monotonically. In addition, the relationship between
strain and dislocation density obtained by positron
lifetime spectroscopy in this study was approximately
the same as that between the strain and dislocation
density of SUS316L reported in previous studies.[26,27]

The relationship between the equivalent plastic strain
and dislocation density can be approximated by a
straight line, and the relational expression is given by
Eq. [4]. Here, q is the dislocation density (m�2), and eeq
is the equivalent plastic strain.

q ¼ ð6:53� eeq þ 0:0024Þ � 1015 ½4�

Vickers hardness measurements were conducted on
the specimens after the dislocation density measure-
ment, and the relationship between the dislocation
density and hardness is illustrated in Figure 10, which
shows that the hardness increased with increasing the
dislocation density.
Regarding the relationship between dislocation den-

sity and hardness, some previous studies have reported a
linear relationship between the logarithm of dislocation
density and hardness,[28] whereas other studies have
reported a linear relationship between the square root of
dislocation density and hardness.[29,30] Figure 11 shows
the relationship between the hardness and dislocation
density obtained in this study with the square root of the
dislocation density. The relationship between the square
root of the dislocation density and the hardness can be
approximated by a straight line. As a result of deriving
an approximation formula for the relationship between
the dislocation density and hardness, the approximation
formula is shown in Eq. [5]. Here, HV is the Vickers
hardness, and q is the dislocation density (m�2).Fig. 4—Cross-sectional view of multilayer welds.

Fig. 5—FEM analysis model of multilayer welds.
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HV ¼ 3:13� 10�6 � ffiffiffi
q

p � 1:23� 106
� �

þ 200 ½5�

Using the expressions obtained above, the increase in
dislocation density during plastic deformation in
SUS316 was quantitatively calculated, and the strain
hardening behavior owing to the increase in dislocation
density could also be predicted.

V. DISLOCATION DENSITY REDUCTION
BEHAVIOR DUE TO RECOVERY/

RECRYSTALLIZATION

A. Dislocation Density Reduction Behavior After
Thermal Aging

To investigate the dislocation density reduction
behavior during the thermal aging of SUS316, 20 pct
-rolled material was thermally aged under the conditions

Fig. 6—Temperature-dependent material properties of SUS316 steel.

Fig. 7—Relationship between plastic strain and Vickers hardness at
room temperature.

Fig. 8—Change of Vickers hardness due to heat treatment.

Fig. 9—Relationship between equivalent plastic strain and
dislocation density.

Fig. 10—Relationship between dislocation density and Vickers
hardness.

Fig. 11—Relationship between the square root of dislocation density
and Vickers hardness.
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listed in Table II, and the dislocation density in the cross
section parallel to the rolling direction was measured
using positron annihilation lifetime spectroscopy.
Figure 12 shows the dislocation density measured after
thermal aging.

In the conditions with peak temperature< 600 �C,
the dislocation density decreased monotonically with
increasing thermal aging holding time, and after long-
term aging, the dislocation density showed a constant
value higher than that of the base metal. Figure 13
shows the microstructures of specimens aged at 600 �C,
together with the specimen before thermal aging. Before
and after thermal aging, no microstructural changes
were observed, and several slip lines were observed even
after thermal aging for 30 s. This suggested that the
dislocation density change at temperatures< 600 �C is
owing to the recovery phenomenon. In addition, the
dislocation density after thermal aging at 600 �C for
100 s was approximately the same as that after 30 s,
indicating that the dislocation density after full recovery
was estimated to be ~ 7.2 9 1013 m�2, which was suffi-
ciently higher than that of the base metal (ST).

When aged at 800 �C, the dislocation density after
thermal aging for 1 s was almost the same as that after
thermal aging at 600 �C for 100 s. Little change in
dislocation density was observed, which suggests that
the recovery was completed immediately during the
heating process or subsequent thermal aging at 800 �C
for 1 s.

At thermal aging temperatures> 850 �C, the disloca-
tion density decreased monotonically with increasing
holding time and decreased to the same level as the base
metal after long-term thermal aging. Figure 14 shows
the microstructures observed in the specimens aged at
900 �C. The slip lines observed after cold rolling

disappeared owing to the thermal aging, and some
small recrystallized grains were observed. This suggested
that the dislocation density decreased owing to the
recrystallization phenomenon at
temperatures> 850 �C.

B. Kinetic Analysis of Dislocation Density Reduction
Behavior Due to Recovery

To understand the dislocation density reduction
behavior due to the recovery phenomenon, the disloca-
tion density reduction behavior during thermal aging at
300–600 �C was kinetically analyzed. In a previous
study,[31] the hardness reduction behavior owing to
recovery was kinetically analyzed, and when the recov-
ery fraction was defined by Eq. [6], it was found that
the hardness reduction behavior owing to recovery
follows the Johnson–Mehl equation[32–34] (Eq. [7]).
Here, HVbefore: the hardness before aging, HVafter: the
hardness after the completion of recovery, HVaged: the
hardness after thermal aging, f: the recovery fraction, K:
the rate constant (s�1), t: the time (s), and n: the
exponent.

f ¼ HVbefore �HVaged

HVbefore �HVafter
½6�

f ¼ 1� expf�ðKtÞng ½7�

Because a close correlation exists between the dislo-
cation density and hardness, the recovery behavior can
be similarly analyzed by defining the dislocation density
reduction rate owing to recovery, as in Eq. [8]. Here,
qbefore: dislocation density before aging (m�2), qafter:
dislocation density after completion of recovery (m�2),
and qaged: dislocation density after thermal aging (m�2).

f ¼
qbefore � qaged
qbefore � qafter

½8�

In addition, by taking the logarithms of both sides of
Eq. [7] and transforming it, it can be expressed as Eq. [9]
below.

ln ln
1

1� f

� �� �
¼ n lnðtÞ þ n lnðKÞ ½9�

Figure 15 shows the Johnson–Mehlplots obtainedusing
Eqs. [8] and [9] for the dislocation density reduction owing
to the recovery phenomenon. The dislocation density after
the completion of the recovery in Eq. [8] is 7.2 9 1013 m�2

obtained after the thermal aging at 600 �C for 100 s. The
plot can be approximated as a straight line at any
temperature, and the slope is approximately the same
regardless of the temperature. This suggests that the
reduction in dislocation density by recovery follows the
Johnson–Mehl equation. The time exponent n (average
slope) of the Johnson–Mehl plot was 0.2010.
In general, the rate constant K obtained from the

Johnson–Mehl plot can be expressed using Eq. [11] by
taking the logarithms of both sides of Eq. [10]. Here, K0:Fig. 12—Dislocation reduction behavior due to thermal aging.
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the rate constant (s�1), Q: the activation energy, R: the
gas constant (8.314 J/mol K), and T: the temperature
(K).

K ¼ K0 exp � Q

RT

� �
½10�

ln Kð Þ ¼ ln K0ð Þ � Q

RT
½11�

Figure 16 shows the Arrhenius plot using Eq. [11] for
K at each temperature, as obtained from the John-
son–Mehl plot shown in Figure 15. The results of the
Arrhenius plot are approximated by a straight line.
From the aforementioned results, it can be obtained that
the activation energy for dislocation density reduction
behavior owing to recovery is 122.9 kJ/mol, and the rate
constant is 1.53 9 1010 s�1.

C. Kinetic Analysis of Dislocation Density Reduction
Behavior Owing to Recrystallization

Similar to recovery, the dislocation density reduction
behavior owing to recrystallization was kinetically
analyzed. The hardness reduction behavior owing to
recrystallization followed the Johnson–Mehl equation;
the rate constant followed the Arrhenius equation.[35]

Therefore, the dislocation density reduction behavior
owing to recrystallization can be kinetically analyzed by
defining the dislocation density reduction rate owing to
recrystallization similarly as in Eq. [8].
Figure 17 shows the Johnson–Mehl plots of the

dislocation density reduction behavior owing to recrys-
tallization after the thermal aging at 850–950 �C. The
dislocation density before thermal aging was
7.2 9 1013 m�2, and that after full recrystallization
was 2.4 9 1012 m�2, which was the same order of
magnitude as that in the base metal (ST). The plot can
be approximated as a straight line at any temperature,

Fig. 13—Microstructures before and after thermal aging at 600 �C for 20 pct cold-rolled material.

Fig. 14—Microstructures after thermal aging at 900 �C for 20 pct cold-rolled material.

Fig. 15—Johnson–Mehl plot of dislocation reduction behavior due
to recovery.
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and the slope is approximately the same regardless of
the temperature. This suggests that the dislocation
density reduction owing to recrystallization follows the

Johnson–Mehl equation. The time exponent n (average
slope) of the Johnson–Mehl plot was 1.3539.
Figure 18 shows the Arrhenius plot for K at each

temperature obtained from the Johnson–Mehl plot. The
Arrhenius plot can be approximated as a straight line,
similar to the recovery. From the aforementioned
results, it can be obtained that the activation energy of
dislocation density reduction owing to recrystallization
is 393.9 kJ/mol, and the rate constant is 4.68 9 1015 s�1.

D. Comparison of Kinetic Analysis of Recovery
and Recrystallization

The measurement results for the 20 pct -rolled mate-
rial suggested that the dislocation density decreased
owing to the recovery phenomenon at low temperatures
and recrystallization at high temperatures. Table IV
summarizes the constant values of n, Q, and K0

obtained from the recovery and recrystallization kinetic
analyses. The activation energy for recovery is much
lower than that for recrystallization. The activation
energy varied depending on the rate-determining mech-
anism of the phenomenon. This suggests that the
rate-determining mechanisms for the dislocation density
reduction behavior owing to recovery and recrystalliza-
tion are different.
Table V lists the activation energies of self-diffusion

and grain boundary diffusion for Fe, Cr, Ni, and Mo,
which are the primary constituent elements of SUS316,
in SUS316 or other austenitic stainless steels.[36–38] The
activation energy for recovery obtained from the kinetic
analysis was lower than that for lattice diffusion and was
close to the activation energy for grain boundary
diffusion of Fe and Cr. The previous study reported
that the activation energy for recovery is ~ 0.47–0.7 for
lattice diffusion,[38] and the activation energy for recov-
ery obtained in this study is consistent with this trend.
Moreover, the activation energy of recrystallization is
the same order of magnitude as that of lattice diffu-
sion.[38] The activation energy of recrystallization
obtained from the kinetic analysis was close to or
slightly larger than that of lattice diffusion, suggesting
that the dislocation density reduction behavior owing to
recrystallization is determined by lattice diffusion.
Even if the dislocation density decreases during

thermal aging, recovery and recrystallization have dif-
ferent rate-determining mechanisms, suggesting that
they should be considered separately.

Fig. 16—Arrhenius plot of dislocation reduction behavior due to
recovery.

Fig. 17—Johnson–Mehl plot of dislocation reduction behavior due
to recrystallization.

Fig. 18—Arrhenius plot of dislocation reduction behavior due to
recrystallization.

Table IV. Comparison of Kinetic Constants of Dislocation

Reduction Behavior Due to Recovery or Recrystallization

Constants Recovery Recrystallization

n 0.2010 1.3539
Q, kJ/mol 122.9 393.5
K0, s

�1 1.53 9 1010 4.68 9 1015
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E. Cutoff Temperature for Recovery
and Recrystallization

Although dislocation density reduction behavior
owing to recovery and recrystallization occurs during
the thermal aging process, the mechanisms are different,
suggesting that each phenomenon should be discussed
separately. Therefore, the cutoff temperature for recov-
ery and recrystallization was investigated.

The results of the dislocation density measurements
for the 20 pct -rolled material revealed that the dislo-
cation density decreased owing to recovery at a rela-
tively low temperature for a short time and
recrystallization at a high temperature for a long time.
Under the condition at 800 �C even only for 1 s, the
dislocation density decreased to the same level as that
after full recovery, and approximately no change in
dislocation density occurred after aging for 30 s. This
implies that after short-term thermal aging at 800 �C,
the recovery was completed instantaneously, and no
reduction in dislocation density due to recrystallization
occurred. In addition, it is inferred that the dislocation
density decreased owing to recrystallization for long-
term thermal aging at 800 �C. However, in a relatively
short-term heat-affected process such as welding, the
cutoff temperature of recovery/recrystallization is
defined as the temperature at which recovery finishes
instantaneously when the kinetic analysis of recovery is
extrapolated to the high temperature side.

To investigate the boundary condition for recovery
and recrystallization, the recovery fraction was calcu-
lated using Eq. [12], which is a combination of Eqs. [7]
and [10].

f ¼ 1� exp � K0 exp � Q

RT

� �
� t

� �n	 

½12�

Figure 19 shows the calculated recovery fraction after
thermal aging for 1 s at various temperatures. At
temperatures above ~ 800 �C, the recovery fraction
after thermal aging for 1 s was> 99.9 pct, indicating
that the recovery was nearly completed. This suggests
that in a very short aging process such as welding, a
temperature of ~ 800 �C is the cutoff temperature of
recovery/recrystallization.

To confirm the result, the microstructures of 20 pct
-rolled material before and after thermal aging at
difference temperatures for 1 s were observed by EBSD.

The microstructure of as cold-rolled material before the
thermal aging is shown in Figure 20(a), in which the slip
lines were observed and grain size was approximately 30
lm. Compared to the microstructure before thermal
aging in Figure 20(a), no obvious microstructural
change was observed at low temperature of 500 �C for
1 s, as presented in Figure 20(b). However, after thermal
aging at 800 �C for 1 s, as illustrated in Figure 20(c),
nearly no slip lines were observed and no small new
grains appeared, indicating that the recovery was
completed and the recrystallization did not occur. In
addition, after thermal aging at 900 �C for 1 s, as shown
in Figure 20(d), several small grains were observed and
the grain size was much smaller than that at tempera-
tures below ~ 800 �C, indicating that recrystallization
has occurred. The above results suggest that for a very
short-term aging process such as welding, a temperature
of ~ 800 �C can be used as the cutoff temperature of
recovery/recrystallization.

VI. HARDNESS PREDICTION METHOD BASED
ON DISLOCATION DENSITY CHANGE

BEHAVIOR IN MULTILAYER WELDED HAZ

A. Construction of Hardness Prediction Method Based
on the Prediction of Dislocation Density Change
in Multilayer Welded HAZ

The results in Section III suggest that the dominant
factors for HAZ hardening during multilayer welding

Table V. Activation Energy of Fe, Cr, Ni Diffusion in SUS316 or c-Fe

Element Material Behavior Activation Energy Q (kJ/mol) Case

Fe SUS316 lattice diffusion 229 A[36]

SUS316 grain boundary diffusion 177
Cr SUS316 lattice diffusion 243 B[37]

SUS316 grain boundary diffusion 191
Fe c-Fe lattice diffusion 270 C[38]

Cr c-Fe lattice diffusion 170-406
Ni c-Fe lattice diffusion 283
Mo c-Fe lattice diffusion 247

Fig. 19—Relationship between aging temperature and recovery
fraction during 1 s thermal aging.
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are strain hardening and softening owing to recovery/
recrystallization. In addition, the relationship between
strain and dislocation density increase behavior, and the
relationship between recovery/recrystallization and dis-
location density reduction behavior are quantitatively
investigated in Sections IV and V, respectively. Subse-
quently, the dislocation density change behavior due to
each phenomenon is clarified. However, in the HAZ, the
increase in dislocation density owing to strain and
reduction in dislocation density due to recovery/recrys-
tallization co-occur at the same time. Therefore, to
quantitatively predict the dislocation density change
behavior in the HAZ, a new theoretical model was
proposed in this study for simultaneously calculating the
dislocation density increase behavior due to strain and
dislocation density reduction behavior due to recovery/
recrystallization.

First, based on the relationship between the strain and
dislocation density given by Eq. [4] in Section IV, the
increase in dislocation density in the HAZ can be
calculated by the equivalent plastic strain obtained by a
FEM simulation.

Second, the prediction method for the dislocation
density reduction due to recovery/recrystallization was
considered as follows: The reduction in the dislocation
density due to recovery and recrystallization follows the
Johnson–Mehl equation. Therefore, Eq. [14] can be
obtained when the recovery/recrystallization fraction is
defined by Eq. [13]. Here, qbefore: dislocation density
before thermal aging (m�2), qafter: dislocation density
after completion of recovery/recrystallization (m�2),
qaged: dislocation density after thermal aging (m�2),
and f: recovery/recrystallization fraction. In addition,
the rate constant K in the Johnson–Mehl equation
follows the Arrhenius equation. It should be mentioned
that only one dislocation reduction mechanism (recov-
ery or recrystallization) is input into the algorithm for a
given temperature and a given time step at a location on
the simulation grid node.

f ¼
qbefore � qaged
qbefore � qafter

½13�

f ¼ 1� exp �ðKtÞnf g ½14�

The addition rule was used to consider recovery and
recrystallization in non-isothermal processes. A sche-
matic of the addition rule is shown in Figure 21. The
thermal cycle process can be divided into small-time
intervals, and each can be treated as an isothermal
process of minute duration.
Assuming a specific temperature, the thermal cycle

parameter Kt can be derived from Eq. [15], which is an
integral form of the Arrhenius equation for a small-time
interval. Then, Eq. [14] can be used to calculate the
dislocation density reduction behavior owing to recov-
ery and recrystallization.

Kt ¼ K0

Xn

i¼1

ti � ti�1ð Þ � exp � Q

RTi

� �
½15�

Finally, a method was proposed for the coupled
prediction of dislocation density changes owing to strain
and recovery/recrystallization. During the welding pro-
cess, the strain increases because of the solidification
shrinkage of the weld metal, and the dislocation density
increases. As the dislocation density before thermal
aging (qbefore) changes with time, the recovery/recrys-
tallization fraction f also changes. A new model for
recovery/recrystallization considering the change in
qbefore was proposed for the coupled prediction of the

Fig. 20—Microstructure changes of 20 pct -rolled material before and after thermal aging at difference temperatures for 1 s.

Fig. 21—Schematic of the additivity rule.
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dislocation density change behavior owing to strain and
recovery/recrystallization during the welding process.
Figure 22 shows a flowchart of the dislocation density
change calculation owing to strain and recovery/
recrystallization.

Figure 23 illustrates an example of simulated thermal
history and weld strain history at a grid node in the
HAZ of multilayer welding. Based on the simulated
thermal history and weld strain history at each grid
node, the dislocation density was calculated by the
following method.

First, from the strain at time ti obtained by ther-
mal-elastic-plastic simulation, the dislocation density qi
without considering recovery and recrystallization is
calculated using Eq. [4]. As shown in Eq. [16], the
reduction of dislocation density Dqi�1 owing to recov-
ery/recrystallization at time ti�1 is subtracted from qi,
and the dislocation density qi0 before calculating the
dislocation density decrease owing to recovery/recrys-
tallization during (ti�1 � ti) can be calculated. Here, q00i�1
is the dislocation density after recovery/recrystallization
at time ti�1. Using this qi0, the recovery/recrystallization
fraction fi0 before calculating the dislocation density
decrease owing to recovery/recrystallization during
(ti�1–ti) can be calculated by Eq. [17]. Here, qafter is
the dislocation density after full recovery corresponding

to qi in the case of recovery and dislocation density of
the base metal (2.4 9 1012 m�2) in the case of recrys-
tallization. Then, the thermal cycle parameter Kti0 is
obtained by Eq. [18]. Next, the thermal cycle parameter
between ti�1 and ti is calculated using Eq. [19] by
addition rule. Finally, the recovery/recrystallization
fraction, f00i ; was calculated using Eq. [20], and the
dislocation density after recovery/recrystallization q00i
can be obtained by Eq. [21].

q0i ¼ qi � Dqi�1 ¼ qi � qi�1 � q00i�1

� �
½16�

f0i ¼
qi � q0i

qi � qafter
½17�

Kt0i ¼ ln
1

1� f0i

� �� �1=n

½18�

Kt0i ¼ ti � ti�1ð Þ � K0 exp � Q

RTi

� �
þ Kt00i ½19�

Fig. 22—Flowchart of hardness prediction in multilayer welded HAZ.
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f00i ¼ 1� exp � Kt00i
� �n� �

½20�

q00i ¼ qi � f00i � qi � qafterð Þ ½21�

The aforementioned calculations were performed for
the entire welding process, and the final dislocation
density was converted into hardness using Eq. [5] to
predict the hardness change in the HAZ due to strain
hardening and recovery/recrystallization.

The values of n, Q, and K0 listed in Table IV were
used to calculate recovery and recrystallization. In the
calculation, points with peak temperatures> 1400 �C
were treated as weld metal. The cutoff temperature for
recovery and recrystallization was assumed to be 800 �C
from the results shown in Figures 19 and 20 in
Section V–E, and it was assumed that there would be
no thermal effect at temperatures< 200 �C.

B. FEM Simulation Results

In this study, 7 layer � 13 pass welded sample was
used to verify the effectiveness of the proposed hardness
prediction system for multilayer welds. The thermal
cycles in the multilayer welds were simulated using the
thermal elastic-plastic FEM software JWRIAN, which
was specifically developed for predicting the thermal
history, residual stress, and deformation of welds.[20,21]

Figure 24 shows the simulated peak temperature
distribution in the middle cross section after 7-layer
welding. The simulated weld metal part is illustrated in
red color with a peak temperature> 1400 �C. The
deformation of welds was also considered in the
simulation,[20,21] and the simulated shape of the weld
metal matches that of the actual weld metal well,
indicating that the FEM simulation results are

appropriate. Figure 25 shows the simulated equivalent
plastic strain distribution in the cross section after
7-layer welding. The strain was high near the fusion
boundary and under-surface.

C. Hardness Predicted Result and Validity
of the Proposed Hardness Prediction Method

Based on the simulated thermal history and equiva-
lent plastic strain history of each grid node, the hardness
values in the HAZ were calculated using the proposed
method. Because the temperature distribution shown in
Figure 24 was generally symmetrical, the hardness
distribution was observed only on the right side of the
welding cross section. Figure 26(a) presents the pre-
dicted hardness distribution in the HAZ as a color
chart map, with the hardness values displayed in
rainbow colors for different hardness levels calculated
using the method proposed in this study. For compar-
ison, the predicted result calculated using only the
equivalent plastic strain without considering recovery

Fig. 23—An example of simulated thermal history and weld strain history at a grid node in the HAZ of multilayer welding.

Fig. 24—Simulated peak temperature distribution after 7 layer � 13
pass welding.
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and recrystallization is also shown in Figure 26(b). The
hardness predicted by the proposed method in
Figure 26(a) is lower than that calculated using only
the equivalent plastic strain in Figure 26(b). Although
hardening in the HAZ occurred with increased weld
strain, softening owing to recovery and recrystallization
occurred simultaneously, resulting in a considerably
lower hardness value.

The hardness was experimentally measured in an
actual welded cross section to verify the validity of the
proposed hardness prediction method for multilayer
welds. Figure 27 shows the two-dimensional mapping of
the hardness values in the actual welded HAZ and the
predicted results calculated using the proposed method.
The hardness measurement was performed at intervals
of 0.3 mm starting from the fusion boundary on the
right side of the actual weld cross section. As shown in
Figure 27(a), hardening is observed near the fusion
boundary and under-surface, and no change in the
hardness of the base metal was observed further away.
Near the final layer weld, there were areas near the
fusion boundary where the hardness was almost the
same as that of the base material, and hardening was
observed slightly away from the fusion boundary. As
shown in Figure 27(b), the predicted hardness

distribution agreed well with the experimentally mea-
sured results, both in terms of the hardness value and
overall tendency.
In addition, as illustrated in Figure 28, a one-dimen-

sional hardness comparison was performed between the
measured and predicted values. Three measurement
lines were set at z = 0, 7, and 14 mm, as shown in
Figure 28(a). For comparison, the predicted hardness
results considering only the strain without recovery/
recrystallization were also included in the one-dimen-
sional comparison. As shown in Figures 28(b)–(d), the
hardness values predicted using the method proposed in
this study, considering both strain and recovery/recrys-
tallization, corresponded well with the measured values.
However, the predicted hardness values considering
only strain were significantly higher than the measured
values.
These results indicate that the proposed hardness

prediction method based on the dislocation density
change behavior, which considers both strain and
recovery/recrystallization, is valuable and effective.
Therefore, appropriate welding conditions can be
selected before actual multilayer welding, which is useful
for multilayer welding in industry.

VII. CONCLUSIONS

In this study, the effects of strain hardening and
recovery/recrystallization on the hardness of a multi-
layer welded HAZ in austenitic stainless steel SUS316
were investigated, and the relationship between the
phenomena and dislocation density change behavior
was quantitatively analyzed using PALS. Based on these
results, a new hardness prediction method based on
dislocation density change behavior in the HAZ during
multilayer welding was proposed. The following con-
clusions were drawn:

(1) The hardness results suggested that strain hard-
ening due to welding strain and softening due to
recovery/recrystallization were the dominant

Fig. 25—Simulated equivalent plastic strain distribution after 7 layer
� 13 pass welding.

Fig. 26—Comparison of the predicted hardness distributions after multilayer welding calculated by two methods.
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phenomena affecting the hardness change in the
HAZ during the multilayer welding process.

(2) The increase in dislocation density due to strain
was analyzed by PALS. The relationship between
the square root of the dislocation density and
hardness was approximated by a straight line, and

a relational expression between the dislocation
density and hardness was obtained.

(3) The decrease in dislocation density due to recovery
at low temperatures and recrystallization at high
temperatures was kinetically studied using the
Johnson–Mehl equation and Arrhenius equation.

Fig. 27—Comparison of measured and predicted hardness distributions after multilayer welding.

Fig. 28—Comparison of predicted and measured hardness distributions at the three lines after multilayer welding.
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(4) A new hardness prediction method was proposed
based on the coupled prediction of the increase in
dislocation density due to strain and the decrease
in dislocation density due to recovery/
recrystallization.

(5) The predicted hardness results correspond well
with the measured results, indicating that the
proposed hardness prediction method is valuable
and effective for selecting appropriate welding
conditions before actual welding.
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