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ABSTRACT. A resistance spot weld’s
strength is determined by the physical at-
tributes of the weldment. However, it is
extremely difficult to establish a universal
relationship with experiments between
the measurable attributes of a weld and
the weld’s quality. The large number of
variables and experimental uncertainty in-
hibit establishing such a relation. A com-
puter simulation experiment was con-
ducted in this study, using the concept of
design of experiments, to overcome the
shortcomings of traditional experimental
investigations. Quantitative relationships
were established to link a weld’s geomet-
ric and mechanical attributes to its
strength under tensile-shear loading.

Introduction

Spot weld quality is a loosely defined
term, and it is usually measured against
the performance requirements of a weld.
They can be either quantitative or qualita-
tive. In general, weld performance charac-
teristics should refer to both static and dy-
namic strength. Tensile-shear strength,
cross-tension strength, and peel strength
are examples of static strengths, and im-
pact and fatigue strengths are commonly
referred to as the dynamic strengths.
However, because of practical reasons,
only tensile-shear tests are conducted in
most cases. Typically, the strength of a
spot-welded joint is often related to the
joint’s physical attributes. In addition to
weld button size (usually obtained after a
peel test), as shown in Fig. 1, a weld’s at-

tributes usually refer to nugget/button
size, size of heat-affected zone (HAZ),
penetration, indentation, sheet separa-
tion, and material properties (Ref. 1).
However, only button size has been used
extensively in attribute-strength relation-
ships. Other weld attributes are rarely
used, primarily because it is not clear how
they affect the quality or strength of spot
welds.

Spinella (Ref. 2) suggested that good
welds are welds with large buttons and
high tensile strength without expulsion or
a partial button. In Newton et al. (Ref. 3),
a weld with a full-size nugget and at least
minimum strength, and without cracks,
flash (expulsion), or porosity, was re-
garded as a good weld. Their study also
tried to define nonconformable welds as
those of too small weld size, or with cracks,
excessive porosity, excessive expulsion,
and damaged adhesive layers for weld-
bonding. These classifications are gener-
ally qualitative and depend on multiple
parameters, in addition to the materials
welded (steel or aluminum). In many
cases, the nugget width or button diame-
ter is used as the sole parameter to de-
scribe the quality of a spot weld. This is be-
cause, intuitively, the joint size should
have the biggest influence on weld

strength. It is also easy to measure, and
specific values of weld button size are
often given in standards and require-
ments. There are many attempts to link
weld size to weld quality/strength. The
majority of such work is on the relation-
ship between weld diameter and tensile-
shear strength. 

An early work in this aspect is a simple
expression of strength as a function of
weld diameter developed by Keller and
Smith (Ref. 4) and by McMaster and Lin-
drall (Ref. 5)

P=120d2 (1)

where P is shear load in newtons and d is
weld diameter in mm. 

Heuschkel (Ref. 6) proposed a more
complex empirical relationship for ten-
sile-shear strength

S = t·S0·d·[α–β(C+0.05Mn)] (2)

where S is tensile-shear strength, S0 is base
metal (BM) strength, d is weld diameter, t
is sheet thickness, C and Mn are composi-
tions of BM chemistry, and α and β are
functions of thickness t. It depends on
both joint dimensions and material prop-
erties. However, such a complex relation-
ship is not prefered for strength predic-
tion. Following Heuschkel’s work, Sawhill
and Baker (Ref. 7) proposed a similar for-
mula for rephosphorized and stress-
relieved steels,

S=f·t S0·d (3)

where f is a material-dependent coeffi-
cient, f = 2.5~3.1. Although the majority
of work has been done on steels, some ef-
forts have been devoted to aluminum
welding as aluminum alloys have been in-
troduced in automotive assembly in the
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last decade or so. By considering the frac-
ture mode, an expression was proposed
for aluminum alloys by Thornton et al.
(Ref. 8)

P = (0.12t–a)d (4)

Here P is in kN, t and d are in mm, and a
is the coefficient of fracture mode. 

These equations provide valuable in-
formation on the dependence of weld
strength on weld dimensions. However,
they are suitable only for specific materi-
als and weld joint geometries. Ewing et al.
(Ref. 9) tried to develop a relationship be-
tween spot weld failure load and BM
strength, testing speed, joint configura-
tion, and welding schedule. Several tests,
such as tensile-shear, cross-tension, and
coach-peel, were conducted on various
automotive body materials to establish the
relationship. The results were scattered
mainly due to the complexity of the frac-
ture process of spot-welded joints and the
large number of variables involved in the
experiment. 

Since shear strength and weld size are
closely related, requirements are com-
monly made on weld size, which in turn, is
often designed based on the thickness of
the sheets. An optimum weld diameter
was considered to be 5√ t, where t is sheet
thickness in mm (Ref. 10). In U.S. Stan-
dard units (inches), this optimum diame-
ter is approximately √ t. Current industrial
applications set weld diameter between
3√ t and 6√ t mm. Such requirements as-
sume a clear dependence of weld strength
on weld size. However, as pointed out by
Dickinson (Ref. 11), a correlation be-
tween strength and weld diameter does
not always exist. Except for weld size,
there is very little research about the in-
fluence of weld attributes, such as heat-
affected zone (HAZ), indentation, etc., on
spot weld quality. The importance of ma-
terial properties has been long recog-
nized; however, only recently have people
started to distinguish the effects of mater-
ial properties in different parts of a weld-
ment such as the nugget, HAZ, and base
metal (Refs. 12, 13).

In this paper, a detailed computer
model of spot-welded joints is presented
and a computer design of experiments is
introduced to evaluate the spot weld
strength. The effects of weld attributes on
weld quality/strength, and the relationship
between weld strength and weld attributes
have been quantitatively established. 

Weld Attributes and 
Weld Strength

The finite element method (FEM) has
become a powerful tool for numerical so-
lutions to a wide range of engineering

problems. With the aid of statistical design
and the advances in computer technology
and computer-aided design (CAD) sys-
tems, FEM can provide a quick and accu-
rate solution for a very complex problem
with relative ease. Using this numerical
procedure, the uncertainties associated

with experiments can be avoided and the
cost can be significantly reduced. There-
fore, FEM is employed to analyze the
quality of a spot-welded joint.  

Based on previous studies (Ref. 14), a
weld’s strength can be fully expressed by
its peak load and corresponding energy

Fig. 1 —  A weld’s geometric attributes, as shown in a schematic cross section of a spot weldment 
(Ref. 1).

Fig. 2 — Distribution of the Latin hypercube design.

Table 1 — Ranges of Input Variables

t (mm) h (mm) w (mm) ti σy (MPa) σ0 (MPa) e (%) k

0.5 ~ 2.0 0.1 ~ 1.5 30 ~ 50 0 ~ 20% 205 ~ 1725 50 ~ 200 2 ~ 65 1.0 ~ 3.0
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and displacement at peak load under ten-
sile-shear testing. Intuitively, they can be
expressed as functions of the joint geome-
try and material properties, or

Pmax = fP (geometry; material proper-
ties of base metal, HAZ, and nugget) (5A)

Umax = fU (geometry; material proper-
ties of base metal, HAZ, and nugget) (5B)

Wmax = fW (geometry; material proper-
ties of base metal, HAZ, and nugget) (5C) 

where Pmax is the peak load, and Umax and
Wmax are corresponding displacement and
energy, respectively. In general, all these
relationships are unknown. It is also very
difficult, if not impossible, to derive them
analytically. Different approaches must be
sought in order to develop such relations.
Therefore, a newly developed methodol-
ogy with combined numerical approach
(FEM) and statistical planning and analy-
sis (design of experiments) (Ref. 15) is em-
ployed to establish such relationships. 

Design of Numerical Experiments

The use of design of experiments in nu-
merical experiments has several distinc-
tive differences from conventional designs
of experiments of physical tests, as dis-

Table 2 — Matrix of Latin Hypercube Design (in coded scale)

var1 var2 var3 var4 var5 var6 var7 var8

1 –2 –4 –8 –16 15 13 –9
2 1 –3 –7 –15 –16 14 –10
3 –4 2 –6 –14 13 –15 –11
4 3 1 –5 –13 –14 –16 –12
5 –6 –8 4 –12 11 9 13
6 5 –7 3 –11 –12 10 14
7 –8 6 2 –10 9 –11 15
8 7 5 1 –9 –10 –12 16
9 –10 –12 –16 8 –7 –5 1
10 9 –11 –15 7 8 –6 2
11 –12 10 –14 6 –5 7 3
12 11 9 –13 5 6 8 4
13 –14 –16 12 4 –3 –1 –5
14 13 –15 11 3 4 –2 –6
15 –16 14 10 2 –1 3 –7
16 15 13 9 1 2 4 –8
0 0 0 0 0 0 0 0
–16 –15 –13 –9 –1 –2 –4 8
–15 16 –14 –10 –2 1 –3 7
–14 –13 15 –11 –3 –4 2 6
–13 14 16 –12 –4 3 1 5
–12 –11 –9 13 –5 –6 –8 –4
–11 12 –10 14 –6 5 –7 –3
–10 –9 11 15 –7 –8 6 –2
–9 10 12 16 –8 7 5 –1
–8 –7 –5 –1 9 10 12 –16
–7 8 –6 –2 10 –9 11 –15
–6 –5 7 –3 11 12 –10 –14
–5 6 8 –4 12 –11 –9 –13
–4 –3 –1 5 13 14 16 12
–3 4 –2 6 14 –13 15 11
–2 –1 3 7 15 16 –14 10
–1 2 4 8 16 –15 –13 9

Table 3 — Matrix of Latin Hypercube Design (in natural scale)

Run t h w ti σy σuts–σy u k Umax Pmax Wmax Je

1 1.27 0.74 37.88 0.055 251.06 190.91 0.58 1.48 1.30 4.53 4683 4.48E-07
2 1.32 0.82 38.48 0.061 297.12 54.55 0.60 1.42 0.93 3.86 2960 5.16E-07
3 1.36 0.65 40.91 0.067 343.18 181.82 0.10 1.36 1.06 5.32 4528 4.78E-07
4 1.41 0.91 40.30 0.073 389.24 63.64 0.08 1.30 0.78 4.92 3003 4.51E-07
5 1.45 0.57 35.45 0.121 435.30 172.73 0.51 2.76 1.38 8.45 8845 4.57E-07
6 1.50 0.99 36.06 0.115 481.36 72.73 0.52 2.82 1.03 8.43 6359 4.26E-07
7 1.55 0.48 43.33 0.109 527.42 163.64 0.17 2.88 0.58 8.82 3120 3.72E-07
8 1.59 1.08 42.73 0.103 573.48 81.82 0.15 2.94 1.00 11.02 7735 3.54E-07
9 1.64 0.40 33.03 0.006 1310.45 95.45 0.27 2.03 0.86 15.51 68 3.67E-07
10 1.68 1.16 33.64 0.012 1264.39 159.09 0.26 2.09 1.79 22.78 26730 3.40E-07
11 1.73 0.31 45.76 0.018 1218.33 104.55 0.47 2.15 0.44 11.03 2448 2.75E-07
12 1.77 1.25 45.15 0.024 1172.27 150.00 0.49 2.21 1.63 24.10 26740 2.77E-07
13 1.82 0.23 30.61 0.170 1126.21 113.64 0.35 1.73 0.53 10.30 2710 3.34E-07
14 1.86 1.33 31.21 0.164 1080.15 140.91 0.33 1.67 1.44 19.59 18260 3.12E-07
15 1.91 0.14 48.18 0.158 1034.09 122.73 0.40 1.61 0.18 4.72 416 2.22E-07
16 1.95 1.42 47.58 0.152 988.03 131.82 0.42 1.55 1.42 20.07 20540 2.37E-07
17 1.25 0.80 40.00 0.100 965.00 125.00 0.36 2.00 1.05 11.25 7609 5.58E-07
18 0.55 0.18 32.42 0.048 941.97 118.18 0.29 2.45 0.87 3.46 1988 2.63E-06
19 0.59 1.46 31.82 0.042 895.91 127.27 0.31 2.39 0.81 3.94 1976 2.24E-06
20 0.64 0.27 48.79 0.036 849.85 109.09 0.38 2.33 0.80 4.09 2260 1.81E-06
21 0.68 1.37 49.39 0.030 803.79 136.36 0.36 2.27 0.76 4.52 2321 1.57E-06
22 0.73 0.35 34.85 0.176 757.73 100.00 0.22 1.79 0.62 3.78 1476 1.60E-06
23 0.77 1.29 34.24 0.182 711.67 145.45 0.24 1.85 0.72 4.05 1938 1.41E-06
24 0.82 0.44 46.36 0.188 665.61 90.91 0.45 1.91 0.56 4.08 1512 1.20E-06
25 0.86 1.20 46.97 0.194 619.55 154.55 0.44 1.97 0.68 4.47 2141 1.07E-06
26 0.91 0.52 37.27 0.097 1356.52 168.18 0.56 1.06 1.08 8.22 5698 1.01E-06
27 0.95 1.12 36.67 0.091 1402.58 86.36 0.54 1.12 1.12 8.61 6306 9.23E-07
28 1.00 0.61 43.94 0.085 1448.64 177.27 0.19 1.18 1.07 10.21 6978 8.05E-07
29 1.05 1.03 44.55 0.079 1494.70 77.27 0.20 1.24 1.09 10.57 7518 7.34E-07
30 1.09 0.69 39.70 0.127 1540.76 186.36 0.63 2.70 1.41 14.96 13010 7.18E-07
31 1.14 0.95 39.09 0.133 1586.82 68.18 0.61 2.64 1.34 14.92 12360 6.69E-07
32 1.18 0.78 41.52 0.139 1632.88 195.45 0.11 2.58 1.39 16.67 14390 6.13E-07
33 1.23 0.86 42.12 0.145 1678.94 59.09 0.13 2.52 1.25 16.72 12580 5.60E-07
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cussed in Zhou et al. (Ref. 14). For in-
stance, significantly more information can
be obtained using fewer number of runs
compared to conventional design of ex-
periments. Procedures for the design are
detailed in the following sections for qual-
ity evaluation of spot-welded specimens.

Selection of Variables

As in conventional design of experi-
ments, the first task is to choose experi-
ment variables. There are two sets of vari-
ables needed in this study. One is for
geometric dimensions, which include
sheet thickness, specimen length, speci-
men width, sheet overlap, nugget diame-
ter, HAZ size, indentation, sheet separa-
tion, and so on. Based on previous studies
(Ref. 14), the length is fixed at L = 150
mm, and the overlap is equated to the
width of the specimen. For simplicity, only
large- size welds are taken into account,
and the nugget diameter is linked to the
sheet thickness by d = 5√t. The extreme
case for a welded joint, where there is a
sharp notch around the nugget, was con-
sidered. Therefore, geometrical variables
were chosen as sheet thickness, specimen
width, HAZ size, and indentation. The
other group of variables includes material
properties, which are Young’s modulus
(E), Poisson’s ratio (ν), yield strength (σy),
ultimate tensile strength (σuts), and elon-
gation (e). Since the material structures in
nugget, HAZ, and base metal are differ-
ent, different material properties are used
for each part of the weldment. However,
they are not independent material prop-
erties of the nugget and the HAZ can be
approximately linked to those of the base

metal by hardness (Hν) with the following
relations (Ref. 14):
σuts = σ0+k1•Hv (6A)

σy = k1•Hv (6B)

e = k2/Hν (6C)

Hν = k•Hνbase (6D)
where k1, k2, and k are constants, σuts is ul-
timate tensile strength, σy is yield strength,
and e is elongation. Hν and Hνbase are hard-
ness of the concerned part and that of the
base metal, respectively. By using these
equations, five fewer material variables
are needed. Furthermore, if only steel is
considered, the Young’s modulus and
Poisson’s ratio can be fixed as constants 
(E = 210 GPa and ν = 0.3). Therefore, in
the design, only the base metal properties
and the hardness ratio (k) between the
nugget and base metal are left as material
variables. Weld attributes considered are
sheet thickness (t), sheet width (w), HAZ
size (h), and indentation (ti).

Therefore, Equation 5 can be simpli-
fied as 

Pmax = fP(t, w, h, ti; σy, σuts, e, k)       (7A)

Umax = fU(t, w ,h, ti; σy, σuts, e, k)      (7B)

Wmax = fW(t, w, h, ti; σy, σuts, e, k)     (7C)

Table 1 lists the ranges of each design vari-
able, which are needed in the statistical
design.

Latin Hypercube Design

The Latin hypercube method was

found very useful in conducting computer
experiments (Refs. 15, 16). A class of or-
thogonal Latin hypercubes that preserve
orthogonality among columns is available
for this purpose. Applying an orthogonal
Latin hypercube design to a computer ex-
periment benefits the data analysis in two
ways. First, it retains the orthogonality of
traditional experimental designs. The esti-
mates of linear effects of all factors are un-
correlated not only with each other but
also with the estimates of all quadratic ef-
fects and bilinear interactions. Second, it
facilitates nonparametric fitting proce-
dures, because one can select good space-
filling designs within the class of orthogo-
nal Latin hypercubes according to
selection criteria.

Table 2 is an optimal Latin hypercube
design for eight variables based on the
maximum distance criterion. By using the
maximum distance criterion, the design
points are uniformly distributed in the de-
sign space, which eliminates the random
effects and ensures that all the points are
not too far nor too close to each other. In
this design, there are 33 levels for each
variable, ranging from –16 to 16 in coded
scale. Figure 2 shows the distributions of
design variables projected onto a space of
any two variables. As mentioned in the last
section, each variable has a design range.
All ranges are evenly divided and distrib-
uted to the corresponding levels, which
are given in Table 3. The results (outputs)
are also given in the table.

In order to effectively conduct the ex-
periment, a generic finite element model
was developed so that changes of geomet-
rical variables (width, thickness, nugget
size, HAZ size, indentation) and material

Fig. 3 — A generic finite element model. Fig. 4 — Variable effects on maximum load Pmax.
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variables (elastic and plastic properties in
base metal, nugget, zones in the HAZ) can
be easily implemented. A special code was
developed for this purpose, which can au-
tomatically update the FEM model and
design parameters.

The FEM model of a spot weld is
shown in Fig. 3. There are 8021 nodes and
1452 C3D20R (20-node quadratic brick,
reduce integration) elements using
ABAQUS (Ref. 17). A fracture mechanics
model is used to cope with the high-stress
concentration existing around the nugget
periphery. Different material properties
are used for the nugget, heat-affected
zones (HAZ), and the base metal. 

Results and
Discussion

Using the results
of Table 3, models
of peak load, maxi-
mum displacement,
and maximum en-
ergy can be derived
by the regression
method. Maximum
load Pmax is tradi-
tionally used to de-
scribe the quality of
spot welds. Figure 4
shows the influ-
ences of variables
on the maximum
load Pmax. It indi-
cates yield strength
and sheet thickness
have the biggest in-
fluence of any of
the variables. The
size of the HAZ

also plays an important role in Pmax. By se-
lecting most of the effects, Pmax can be ex-
pressed as

Pmax = 2.64 – 32.18t + 32.08h
– 59.70ti – 0.0123σy + 0.0117σuts
+ 3.74k + 11.54t•h + 0.0137t
• σy + 8.022h•σy + t2
– 0.00000372σy

2 + 0.0000936
(σuts – σy)2 + 224.94ti2
– 28.20h2 (kN) (8)

which has 99.3% of confidence of deter-
mination (R = 99.3%). 

If only selecting sheet thickness t, yield
strength σy, and size of HAZ h as vari-

ables, Pmax can be expressed as

Pmax =-6.74 + 2.72t + 0.016σy
–10.99h + 16.31t•h (kN) (9)

Statistically it still has a high coefficient of
determination (94.5%). Regarding the
confidence intervals of the coefficients, if
95% of confidence is considered, the in-
tervals are [–15.86, 2.38], [–3.52, 8.97],
[0.0128, 0.0197], [–19.90, –2.08], and [9.84,
22.79], respectively. Based on these inter-
vals, the number of significant digits of the
coefficients can be determined as shown
in Equation 9. Although Equation 9 has  a
smaller coefficient of determination, it is
preferred to Equation 8 for simplicity. As
a matter of fact, it has a better “general-
ity,” meaning it provides better predic-
tions than Equation 8.

Following similar procedures, the ex-
pressions for Wmax and Umax are obtained
as shown in Equations 10 and 11. They
have coefficients of determination of
97.6% and 97.0%, respectively.

Wmax = 126966 – 414160t + 325520h
– 106.718σy + 70.45σuts + 3288k 
–6898.8t•h + 22.50t•σy + 26.916h•σy
+164950t2 – 204840h2 (10)

Umax = 3.41 – 12.49t + 10.26h
– 0.012w – 1.07ti – 0.0525σy
+ 0.0484σuts + 0.347e + 0.0644k
+ 5.05t2 – 6.15h2 + 0.00000226σy

2

– 0.000184(σuts – σy)2                               (11)

Variable effects on maximum energy Wmax
and displacement Umax are shown in Figs.
5 and 6, respectively. Sheet thickness t,
HAZ size h, and yield strength σy have the

Fig. 6 — Variable effects on maximum displacement Umax .

Fig. 7 — Variable effects on J*.

Fig. 5 — Variable effects on maximum energy Wmax .
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greatest effects for Wmax. But for maxi-
mum displacement, the most important
variables are the quadratic terms of h and
t, and linear term of h, and, therefore, the
most important variable is the size of the
HAZ. However, in both cases, some other
terms, including quadratic and interactive
terms, cannot be neglected in determining
the maximum energy and displacement.

Beside maximum load Pmax, maximum
energy Wmax, and displacement Umax, a
fracture parameter J-integral (Ref. 18)
was also evaluated, as it is an important
parameter in the analysis of fracture me-
chanics. Using a normalized J* as

(12)
where F is the applied load and d is the di-
ameter of the nugget, the regression
model of J* can be expressed as

J* = 2.14 – 5.41t – 0.0616h + 
0.145w – 0.878ti – 0.0000998σy – 
0.189e + 0.0854k + 1.70t2 – 
0.00198w2 (13)

It has a very high coefficient of determi-
nation of 99.6%. The effects of the vari-
ables considered are shown in Fig. 7. 

The thickness has the dominant effect
among all variables. Therefore, if only the
thickness is chosen to express the J-inte-
gral, it will be 

J* = 3.34 – 1.61t + 0.656t2 (14)

The coefficient of determination is 97.4%,
which means a fairly good approximation.

Based on these results, it is observed
that the sheet thickness, HAZ size, and
material yield strength are the most im-
portant attributes in determining a spot
weld’s strength or quality. 

Summary

In this investigation, attempts were
made to link a weld’s quality to its attrib-
utes under tensile-shear testing. The use
of combined statistical design and analy-
sis, and computer simulation provides a

systematic and effective means to deal
with the multivariable nature of charac-
terizing a spot weld. This study provides a
basic understanding of the dependence of
weld quality on both geometric variables
and material properties. The findings can
be summarized as follows:

•Effects of weld attributes, such as
weld diameter, penetration, and indenta-
tion, can be analyzed through this inte-
grated numerical analysis; 

•The size of the HAZ plays an impor-
tant role in the analysis of weld strength
due to high stress concentration in and
around the HAZ;

•Sheet thickness (and therefore
nugget diameter), HAZ, and yield
strength of base metal are the critical pa-
rameters in determination of spot welding
quality.

•The present study also provides an es-
timate of J-integral, which may be used to
describe the fracture behavior of a welded
joint by treating the edge of a weld as a
crack.

Although tensile-shear testing was
used in the simulation, the method pre-
sented in this study can be extended to
other loading modes such as cross-tension
and fatigue.
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