
Introduction

Resistance spot welding utilizes the in-
herent resistance of metal pieces to join
two or more sheets of metal by the flow of
electrical current, which passes through
the metal sheets and generates the weld-
ing heat. As a traditional welding tech-
nique, resistance spot welding is a major
metal-connecting method in the automo-
tive, consumer electronics, and aircraft in-
dustries (Ref. 1).

For resistance spot welding, its cooling
crystallization of liquid metal in a nugget
is consistent with the general rules of a so-
lidification process; the nugget shape or
structure after solidification is closely re-
lated to the cooling rate of the solidifica-
tion of the liquid metal and directly deter-
mines the performance of the spot welded
joint (Ref. 2).

However, it is currently impossible to de-
termine the cooling rate directly with nor-
mal test methods, such as thermocouple,
optical temperature measurement, or high-
speed photography, which have been widely
used in the research field of rapid solidifi-
cation. The reason behind this is the nugget
crystallization of spot welding is instanta-
neously completed in a closed plastic ring,
and the spot weld nuggets in sheet metals
are usually small. Therefore, there are few
open publications in this field to directly de-
termine the cooling rate of a spot welding

nugget. It was reported that under spot
welding conditions, the cooling rate of low-
carbon steel had been roughly inferred from
the phenomenon of hardened martensite in
the welding nugget (Ref. 3). In addition, by
using an X-ray, Elmer (Ref. 4) observed the
solidification and cooling processes of stain-
less steel spot welding.

According to the secondary dendrite
arm spacing method, a cooling rate could
be indirectly determined based on the cor-
relation between the cooling rate and di-
mensional characteristics of microstruc-
ture after rapid solidification (Ref. 5).
This method is widely and successfully ap-
plied in the research area for rapid solidi-
fication technology (Refs. 6–8).

Due to the fact that the crystallization
temperature range in stainless steel is rel-
atively narrow and its dendrites can grow
fully, it is relatively easy to measure their
secondary dendrite arm spacing. As such,
1Cr18Ni9Ti stainless steel was taken as
the research material. Based on the meas-
urement of the secondary dendrite arm
spacing in the spot welding nugget of this
material, the cooling rates in different
areas of the nugget were estimated ac-

cording to rapid solidification theory.

The Test Material, Equipment,
and Method

The test material was a rolled stainless
steel 1Cr18Ni9Ti sheet with a specimen
size of 100 × 20 × 1 mm. Its chemical com-
position is shown in Table 1. Figure 1 il-
lustrates the microstructure of the base
metal showing equiaxed austenite grains.

The spot welding machine used was a
DN-200-4 equipped with type KD(T)-4
spot welding microcomputer controller.
The upper and lower electrodes of the ma-
chine were made of chrome-zirconium-cop-
per alloys in a truncated cone shape with a
tip diameter of 5 mm, which were cooled in-
side by room-temperature circulating water
with a flow rate of 0.02 m3/min. A single im-
pulse procedure was used in this spot weld-
ing machine simply because the austenitic
stainless steel can be spot welded in high
quality without any special technical treat-
ments. The welding parameters used were
as follows: welding current 6 kA, welding
time 0.14 s, and electrode force 3800 N.

After welding, the weld nugget was cut
in the center for metallographic examina-
tion. The etching solution was made from 5
mL hydrochloric acid, 10 mL nitric acid, 10
g ferric chloride, and 100 mL water. The
measurement of nugget dendrite arm spac-
ing was carried out using an Olympus
PMG3 optical microscope. To reduce meas-
uring errors of the secondary dendrite arm
spacing, the selected measure points should
be away from the dendrite tips. Further-
more, the third dendrite arms were ignored
during the distance measurement of a sec-
ondary dendrite to its primary dendrite for
the sake of consistency. The average of mul-
tiple measurements was taken as the meas-
uring result.

Secondary Dendrite Arm
Spacing Model

The secondary dendrite arm spacing
(SDAS) is a distance between the second-
ary dendrite arms. Based on Fick’s law and
Gibbs-Thompson’s equation, Furer and
Wunderlin proposed the SDAS theoreti-
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cal model (Ref. 9).
Furer and Wunderlin suggested that

with remelting of small secondary den-
drites, the distance or spacing of the bigger
secondary dendrite arms will increase, as
shown in Fig. 2, where λ2 is the SDAS. The
coarsening mechanism assumed that the
finer second dendrite arms would be
melted while the other bigger branches
would become thicker. Whenever a fine
secondary arm is melted, the local second-
ary dendrite spacing will be doubled. The
driving force of this process is the differ-
ence of interfacial energy between grains
with different curvatures. Based on this as-
sumption, the following Furer and Wun-
derlin equation is obtained:

λ2 = 5.5(Atf)1⁄3 (1)

Where λ2 is secondary dendrite arm spac-
ing (μm); tf is local solidification time (s);
and A is coarsening coefficient (s/K).

Here, the coarsening coefficient A
could be calculated by following formula:

A = ΓDLln(CL/C0)/mL(1 – k)(C0 – CL) (2)

Where Γ is Gibbs-Thompson coefficient
(K·m); DL is diffusion coefficient of solute
in liquid phase; CL is liquid concentration
(wt-%); C0 is the original concentration of
the liquid alloy (wt-%); mL is liquidus
slope; and k is distribution ratio at 
equilibrium.

In Equation 1, the local solidification
time tf is defined as the time when each
dendrite arm contacts the liquid phase,
which is a function of the growth rate, tem-
perature gradient, and alloy compositions.
The following formula can be used for cal-
culating the local solidification time tf, i.e.,

tf = ΔT ′/|Ṫ| = ΔT ′/GV (3)

Where ΔT ′ is nonequilibrium solidification
temperature range (K); G is temperature
gradient (K/m); V is dendrite growth veloc-
ity (m/s); and |Ṫ| is the cooling rate. The
product of G and V equals to the cooling
rate Ṫ, so that Equation 3 can also be ex-
pressed as the following:

tf = ΔT ′/|Ṫ| = ΔT ′/Ṫ (4)

Cooling Rate Calculation of
1Cr18Ni9Ti Nugget Solidification

Determination of the Secondary Dendrite
Microstructures and Solute Elements for
Calculating the Cooling Rate

Secondary Dendrite Microstructures of
1Cr18Ni9Ti Spot Welding Nugget

Figure 3A–C shows the dendritic mi-
crostructures of 1Cr18Ni9Ti spot welding
nugget, respectively, in the areas from
nugget edge to nugget center. In each
image, there is an arrow pointing to the
position where the secondary dendrite
segment is selected for the SDAS meas-
urement. As soon as the welding current is
turned off, the welding zone will begin to
cool down due to no more heat generation
to compensate the heat loss; as a result,
crystallization will start from the partial
melting crystalline grains around the edge
of the nugget. This crystallization occurs
in a form of dendrite, and this dendrite
grows toward the center core along the op-
posite direction of heat dissipation. 

If the axis direction of the dendrite
branch is the same as the axis of heat dis-
sipation, then the heat flow will be better
and the dendritic growth will also be

faster; consequently, the best direction for
the dendritic growth is along the elec-
trodes of the spot welding machine. The
growth of these dendrites will usually be
sufficient due to no external electromag-
netic stirring behavior during the crystal-
lization (Refs. 10, 11).

The SDAS measured from Fig. 3 is gen-
erally between 1~5 μm, the dendrite arm
spacing is small, and each of them is differ-
ent. From the edge to the core of the weld
nugget, the average dendrite arm spacing
increases. One reason is that the crystalliza-
tion at spot welding begins generally from at
the partial melting zone around the nugget
with a lower temperature and better cooling
condition, where the crystallization temper-
ature can be reached first, i.e., it begins from
the nucleus of the partial melting grain sur-
face with lowest surface energy. These den-
drites grow in the opposite direction of heat
dissipation. Due to the relatively small ther-
mal conductivity of stainless steel, the latent
heat of crystallization released during the
solidification process will lower the temper-
ature gradient in the nugget as the dendrites
approach the nugget center. The lower tem-
perature gradient and lower cooling rate
near the nugget center make the dendrites
grow slower, and thus, smaller average den-
drite arm spacing.

Determination of Solutes for Calculating the
Cooling Rate

It is difficult to accurately determine
the thermodynamic parameters for a com-
plicated alloy system like 1Cr18Ni9Ti
stainless steel with many alloy elements.
Only three alloy elements — Fe, Cr, and
Ni — will be considered in the calculation
of physical parameters. For the calculation
of cooling rate, the following parameters
need to be known: the liquidus tempera-
ture, the solidus temperature, and the liq-
uidus slope for each precipitated single el-
ement. Under normal cooling conditions,
the thermal diffusion rate of a casting part
is about in an order of magnitude 10–6 m2/s,
but for a solute atom in an alloy liquid, its
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Fig. 1 — Microstructure of the base metal 1Cr18Ni9Ti stainless
steel.

Fig. 2 — Secondary dendrite arm spacing.

Table 1 — Chemical Composition of 1Cr18Ni9Ti Stainless Steel (wt-%)

Material C Si Mn P S Cr Ni N
1Cr18Ni9Ti 0.052 0.465 1.26 0.0005 0.0028 19.6 8.54 0.06
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diffusion coefficient will be only about 10–9

m2/s. Especially in an alloy solid-phase, its
diffusion coefficient is only about 10–12

m2/s. Thus, a solute diffusion process can
be seen far behind a solidification process
(Ref. 12). At a given temperature, the dif-
fusion coefficients of C, Cr, and Ni atoms
in δ-Fe are, respectively, in an order of
magnitude as follows: 10–4, 10–9, and 10–9.
The diffusion coefficients of these solute
elements will be even lower as the cooling
rate increases.

In addition, Cr and Fe have similar
atom diameters (2.54 vs. 2.56 Å) and close
electronegativity (1.8 vs. 1.6) (Ref. 13).
According to the solid solution theory,
they could form a continuous solid solu-
tion, but due to BCC crystal structure of
Cr and FCC structure of γ-Fe, it is impos-
sible for Cr and Fe to form such a contin-
uous solid solution. At 1100°C, the diffu-
sion coefficient of Cr in the δ-Fe phase is
still about 10–9, while the spot welding time
is short; generally, there will not be
enough time for Cr atoms to diffuse in Fe
matrix. Consequently, in our calculation
of the cooling rate, the diffusion of Cr will
not be taken into account.

The study (Ref. 14) showed that for
1Cr18Ni9Ti, when C and  Ni were respec-
tively used as a single added element to
calculate the cooling rate, the values of
their coarsening coefficient A in Equation
1 were similar. As can be seen from Equa-
tion 1, the effect of the coarsening coeffi-
cient A on the SDAS λ2 is just propor-
tional to its cube root value; therefore, the
SDAS λ2 barely varies with the variation of
the coarsening coefficient A in compari-
son with the unavoidable deviation extent
of the measured values. For this reason, in
the estimation of the cooling rate for a
spot welding nugget, only the diffusion of
the C atom, which diffuses relatively rap-
idly in the solid phase, will be considered.

The Cooling Rate in Case of Single
Element Carbon Diffusion

Determination of Parameters

1. The Gibbs-Thompson coefficient Γ

and diffusion coeffi-
cient DL of solute in liq-
uid phase Γ and DL for
1Cr18Ni9Ti can be
found from the physical
properties manual of
an iron alloy (Ref. 15):

Γ = 1.9 × 10–7 (K • m)
and DL = 2 × 10–8

(m2/s).

2. Distribution ratio
k and liquidus slope
mL.

From the Fe-C
phase diagram in Fig. 4
(Ref. 16), the equilib-
rium distribution ratio
k and the liquidus slope
mL can be calculated. To simplify the
mathematical treatment of the solidifica-
tion process, the liquid phase line and the
solid phase line of the phase diagram are,
respectively, assumed as straight lines.
Hence, the liquidus slope mL and the dis-
tribution ratio k can be considered as
constants.

According to the theory of solute re-
distribution, the equilibrium distribution
ratio k is calculated as follows:

k = CS/CL = 0.057/0.39 = 0.15

where CS and CL is solid concentration
(wt-%) and liquid concentration (wt-%),
respectively.

As shown in Fig. 4, the liquidus slope
can be calculated as follows, when TL =
1806 K and TS = 1780 K:

mL = TL – TS/CL – C0
= – (1806 – 1780/0.39 – 0.057) = –82.2

3. Local solidification time

The nonequilibrium crystallization
temperature range ΔT ′ in Equation 3 can
be calculated in this way:

ΔT ′ = mL (Cl* – Cl
m) (5)

where Cl* is the concentration of the den-
dritic tip, and in most cases, Cl* is similar
to C0 (Ref. 15). Cl

m is the liquid concen-
tration of the final phase. Cl

m equals to the
eutectic concentration CE, if it is in an eu-
tectic transformation system. Otherwise,
the value of Cl

m is difficult to determine.
For an equilibrium solidification sys-

tem, the liquid concentration of the final
phase could be determined by using the
lever law, i.e., Cl

m = C0/k, but for most of
solutes in practice, it is almost impossible
to determine the liquid concentration of
the final phase because of their small dif-
fusion coefficient. However, there are also
a few important exceptional cases. For ex-
ample, for interstitial solid solutions, es-
pecially for those with open locations in
their crystal structures and for solidifica-
tions in small zones (such as dendritic seg-
regation of C in the δ-Fe), the diffusion co-
efficient could be so great that Fourier
number α could be over 100 (Ref. 15).

For a nonequilibrium solidification sys-
tem, Kurz and Fisher introduced the fol-
lowing calculation equation (Ref. 15):

Cl
m = C0(2α′k)–p/u (6)
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Fig. 3 — Microstructures of 1Cr18Ni9Ti austenite stainless steel spot weld-
ing nugget. A — Edge of nugget and HAZ; B — middle region of nugget;
C — nugget center.
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Where u = 1 – 2αʹk, p = 1 – k, and αʹ is
the reverse diffusion parameter and a
function of tf.

α′ = α [1 – exp (–1/α)]
– 1/2 exp – (1/2α) (7)

in Equation 7, α is the dimensionless time
(Fourier number) and can be obtained as
follows:

α = DStf/L2 = 4DStf /λ2 (8)

The parameter α has the following
characteristics (Ref. 13): When the value
of α is less than 0.1, then α′ = α; when α
value is greater than 50, then α′ = 0.5.
Based on the experiential data, it can be
estimated roughly that the value of α in
Equation 8 is quite big. When α′= 0.5, Cl

m

can be obtained as Cl
m = 0.33. Therefore,

in this paper only, the effect of a C atom
on the solidification process will be con-
sidered, and the solidification is assumed
in equilibrium. Hence, ΔT′ can be
achieved as follows:

ΔT ′ = mL(Cl* – Cl
m)

= –82.2 × (0.057 – 0.39) ≈ 27°C

Calculation of Cooling Rate

From the measurement of the dendrite
segments indicated by the arrow in Fig. 3,
the average values of SDAS can be ob-
tained at different areas in a weld nugget

as listed in Table 2. Putting the SDAS av-
erage values and the afore-calculated pa-
rameters Γ, DL, k, mL, ΔT ′ into Equations
1–4, the solidification time tf, and the cool-
ing rate CR, can consequently be obtained
and listed in Table 2. As shown in Table 2,
for 1Cr18Ni9Ti spot nugget solidification,
the cooling rates from nugget edge to
nugget center decrease gradually from an
order of magnitude 105 K/s at the nugget
edge to 104 K/s at the middle region and
the nugget center.

Discussion

Measuring the secondary dendrite arm
spacing enables gaining information on
the local solidification in a nugget. Figure
5 shows the morphology of local second-
ary dendrite in the middle region of the
nugget. The significant difference of the
secondary dendrite arm spacing can be
seen for those secondary dendrites from
different primary dendrites in the same
area. A few secondary dendrite arms can
obviously be observed with a clear shape
of dendrites, while others are so fine that
it is difficult to distinguish their dendrite
arm spacing. In addition, Fig. 5 shows that
the secondary dendrite arms on a primary
dendrite have different lengths. This is be-
cause a secondary dendrite will always
grow up as long as its length is less than
half the length of a primary dendrite arm
spacing, and at the same time, these sec-
ondary dendrites will also devour each

other. Once the growing tip of a secondary
dendrite meets that of a neighboring den-
drite, the growth of the secondary den-
drite will be stopped.

As can be clearly seen in Fig. 5, values
of the secondary dendrite arm spacing on
a given primary dendrite also have a rela-
tively big variation due to the difference
on the release of the latent heat during
crystallization and the behavior of solute
elements in dendrite interactions. Figure
6A presents the measuring results for each
segment of secondary dendrite arm spac-
ing for the location marked in Fig. 5. The
estimated corresponding cooling rates are
plotted in Fig. 6B.

As can be observed from Fig. 6, sec-
ondary dendrite arm spacing values ex-
hibit a significant variation from 0.97 to
3.7 μm. Accordingly, the cooling rate
varies from about 1 × 104 to 10 × 104 K/s.
The big variation of cooling rates may be
related to the solidification process of the
welding nugget. Due to the release of the
latent heat of crystallization, the tempera-
ture between dendrites will rise. As a re-
sult, a few relatively small secondary arms
in two adjacent secondary dendrites will
melt and disappear to promote the growth
of a few big dendrite branches. Further-
more, unlike the primary dendrite arm
spacing in the solidification process, the
secondary dendrite arm spacing depends
largely on the gradual cooling process dur-
ing their growth (Ref. 9).

Conclusions

The cooling rates at different areas of
the spot welding nugget for 1Cr18Ni9Ti
were estimated by using the secondary
dendrite arm spacing method as well as
considering the characteristics of the spot
welding process and the situation of an
atom’s diffusion (atom C was selected as
an independent solute in solvent Fe). The
estimated results show that the cooling
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Table 2 — The Values of Cooling Rate in Only Considering C Diffusion

Average SDAS Solidification Time Cooling Rate
Position SDAS in Fig. 3 λ2/μm tf /s CR/K/s

Nugget edge and HAZ 1.29 1.5 × 10–4 4.19 × 105

Middle region of nugget 2.151 7.07 × 10–4 9.05 × 104

Nugget center 3.036 1.9 × 10–3 3.22 × 104

Fig. 4 — Fe-Fe3C phase diagram. Fig. 5 — Section of local secondary dendrite arm microstructure.
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rate from the nugget edge to nugget cen-
ter decreases gradually from an order of
magnitude 105 to 104 K/s.

For the 1Cr18Ni9Ti spot welding
nugget, there are a lot of variations for the
secondary dendrite arm spacing; it largely
depends on the relative location in the
nugget for its primary dendrite and loca-
tion inside the primary dendrite. The sec-
ondary dendrite arm length on a given pri-
mary dendrite changes with the location,
and their secondary dendrite arm spacing
will vary consequently.
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Fig. 6 — The curves of secondary dendrite arms and cooling rate in Fig. 5. A — The curve of the second arm spacing; B — the curve of the cooling rate.
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Looking for a Welding Job?

The American Welding Society has enhanced its Jobs In Welding Web site at www.jobsinwelding.com.
The redesigned career portal includes additional capabilities for companies seeking workers and individuals

looking for jobs.
Through relationships with many job boards and distributors, it offers direct access to more than 88% of the

welding-related jobs posted on the Internet.
Users may search various openings for welders, Certified Welding Inspectors, engineers, technicians, and man-

agers/supervisors.
In addition, the Web site contains the following highlights:

• The home page displays featured welding jobs along with the companies looking to fill them and city/state
locations.

• The job seeker section connects individuals to new career opportunities by allowing them to post an anonymous
résumé, view jobs, and make personal job alerts. This area has résumé tips, certification information, and a
school locator.

• The employer area enables association with qualified applicants. Résumés, job postings, and products/pricing
options may be viewed here.
Visit the Web site to create or access job seeker and employer accounts.
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