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1. Introduction

Determining the quality of a weld, in real time, is of paramount importance in many
manufacturing settings. Resistance spot welding is the predominant means for joining
sheet metals in manufacturing automobiles, furniture, and appliances. In the automobile
industry alone, literally billions of welds are made each year (from 2000 to 5000 in every
automobile). Due to the lack of confidence and consistency in the quality of welds, up to
30% more welds have to be made than are actually needed. Controlling their quality is
essential for achieving low warranty and liability costs and attaining high product quality.
Currently, methods for determining weld quality depend upon physical procedures (e.g.
tearing or prying “stress-to-failure” actions, followed by examination of the resulting bead
size and structure, etc.) or indirect measurements (of ultra sound, eddy currents, magnetic
flux, etc.). Since these methods are cumbersome and time consuming, their use is normally
incorporated into the traditional sampling inspection paradigm, resulting in associated
delays in taking corrective action or scheduling necessary maintenance. Moreover, they
do not lend themselves to real-time continuous process monitoring and control. Most
non-destructive test methods are still in their development stages. They tend to require
a considerable amount of operator training and skill development; are generally “off-line”
and thus not suitable for 100% testing; and they are not designed for providing process
control.

It has long been suspected that information about the quality of a weld might be
contained in the behavior, over time, of the secondary circuit current draw (or a monotonic
function of the current draw) as represented by a “power factor” curve (PFC). We study
the effectiveness of a statistically-based algorithmic method (which we call “template
matching”) for classification of 100% of resistance spot welds into categories of: “no
weld”; “partial weld”; “good”; and “expulsion”, by using power factor curves. This



method promises to make it possible to inspect every weld and, as a result, to lower the
fraction of low-quality welds in products that make it to market. Such a method would
eliminate the waste (in time and material) generated by destructive testing, resulting in
less re-work and higher throughput. It should also allow the redesign of parts by reducing
the number of spot welds currently included to compensate for occasional bad welds, thus
reducing the overall process time. This method would be invaluable for use in real-time
process adjustment or maintenance decision making. In addition, our efforts should enable
us to develop a catalogue of parameters that relate PFCs to weld quality as a function of
current, pressure, welding tip geometry and wear, part material and thickness etc. This
characterization of a weld by its PFC should also provide information to improve real-
time process monitoring and control. For example, such monitoring could adaptively set
primary circuit “voltage on” control points to ensure sufficient time to obtain a good weld,
but not so much as to produce expulsion events (thus avoiding material wastage, injuries
from sparks, maintenance due to abrasive slag, etc.). Or, the current could be adjusted
to ensure a good weld while keeping the weld cycle time constant, a desirable feature for
more efficient production scheduling. Finally, the information obtained by characterizing
PFCs could also be valuable for use in predictive maintenenace planning and scheduling,
since changes in the PFCs may be indicators of weld tip and equipment wear.

Preliminary calculations, using data provided to us by a major automotive manufac-
turer are extremely promising, showing classification rates greater than 90% per weld.
This is a result which - if shown to hold over a variety of welding processes — represents
a great improvement over present weld-quality determination methods.

2. Basic Problem Formulation

We start with a power factor curve g(t), measured at N (N is typically on the order
of twenty) points over the period of time during which a weld is produced:

g(t) = power factor curve, t =0,1,... N

where

t = time from start of weld (measured in “cycles” of length 1/60 sec)

N = maximum number of cycles used in the weld.

The basic problem is to develop a procedure which takes as input g(t) and produces, a
determination as to whether the weld is in one of the following quality categories:

a) “open” (no weld);

b) “stick” (partially bonded);



c) “good” (i.e. meets a set of nugget diamter specifications); or

d) “expulsion”(a good weld, but with material “expulsed” from the weld).

Our basic premise is that there is a PFC template f(t) such that any particular weld’s
PFC g¢(t) can be “fit” to f(t) by:

a) scaling and/or shifting f(¢);

)
b) scaling t;
¢) using only a portion of f(t), from ¢t = 0 to some cutoff time;
)

d) accounting for random deviations (“errors”) between f(t) and g(t).

Figure 1. shows an example of such a template: shifting f(t) moves the whole curve up or
down; scaling f(t) stretches the curve vertically; and scaling ¢ stretches or compresses the
time axis. This representation has its foundation in the physics of the welding process:
the scaling and shifting are due to factors such as pressure, current and tip geometry; the
cut off time is directly related to the total energy expended; and the random terms are
the result of uncontrollable factors.

The parameters of this “fit” are then used to statistically classify the weld into one of
the quality categories. For example, the right-hand boundaries of the regions shown on
Figure 1, labeled N, S, G, and E show typical cutoff times for welds that are likely to be
“no weld”, “stick”, “good”, and “expulsion”, respectively.

3. Template Representation

We have available experimental (or operating) data taken from M welds, as represented
by: A
fr(t) = k" power factor curve, k=1,2,...M, t=0,1,...N,

where

t = time from start of weld, measured in “cycles” of length 1/60 sec)

N, = maximum number of cycles on the kt* curve.

M
Our approach is to use the ZNk data points, contained in the M PFCs, to
k=1

a) estimate a “template” that will represent a generic weld PFC
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b) estimate, for each fk(t), a set of parameters that provides the best fit to the template;

c) use these parameters, along with Ni, to determine to which category the k%" weld
can be assigned;

d) determine the statistical performance of such a weld classification procedure.

Because of the complex physical processes involved in welding, we do not assume, a-
priori, any particular functional form for the template — it is to be estimated from the
data. Instead, we specify template by a set of n + 1 parameters § = {yo, y1,%,...yn},
where y; represents the template at integer times ¢ = 0,1,..., N. For times other than
integers, f(t) can be represented by the piecewise linear representation:

FO)=fE7) = v+ @n —w)(t—i) 0<i<t<i+1<N (1)

flt)=vya N <t

In the expression above, and in what follows, 7 is explicitly used as an argument of f(t)
in order to stress the dependence of the template on these parameters.

Suppose we know (or assume) g, such as one leading to the template shown in Figure
1. In order to “fit” this template to any observed PFC, we define an error term (giving
the quality of the fit) in the usual way — the sum (over all times) of square differences
between the PFC and the scaled and shifted template. Thus we can compute dj,the error
in fitting the k% observed PFC by :

Ni

die = (0, B, Y, §) = D[ + e f(Bit|g) — fi(t)]? (2)

t=0

where:

vx = PF-shifting parameter for the k** PFC
oy = PF-scaling parameter for the k** PFC

By = time-scaling parameter for the k** PFC

Note that the upper limit of the sum in (2) is the maximum time of the k** observed
PFC; this will correspond to a template time of ¢, = B Ni. If t, = BN < N, this means
that only a portion (from ¢t = 0 to ¢t = (Ny) of the template is used to fit the k* PFC.
Also note that the error d is a function of the entire set § as well as the three parameters

o, B and V-



By defining the parameter vectors:

a= (al,ag,...aM)

ﬂE (ﬂl’ﬁ%--'ﬁM)
3= (%),

and assuming that the values of § are not yet determined, we can represent the tem-
plate matching problem to be that of determining a set of “optimal” parameter vectors
¥*,a*, (%, 7" that solve the non-linear program:

M
_H_li_n_ de(alm /Bkv Yk g) (3)
9,8,8,5 k=1
such that
¥>0;8>0,7>0. (4)

A convenient way to approach this problem is to decompose the optimization into two
stages:

M
rr_lip{ min ) di (o, Be, Ve, §) } (5)
By L *7 o
That is, if we define
B M
d*( ag) = de(a;aﬁk)7;7g), (6)
k=1

then finding a solution to (5) is the equivalent of finding
) M
d" = mind"(6,9) = >_d(a, B, 7, 9), (7)
’ k=1

subject to the constraints of (4). The reason for rewriting (5) as (7) is because for any fixed
value of 3, and § the minimization inside the brackets of (5) can be achieved analytically,
as shown in the next section.

4. First Stage Minimization

The minimization of the term in brackets in (5) with respect to & and 4 can be done
term-by-term within the sum, since each term depends only upon the k** components o



and 7. Moreover, from (2) we see that dj is continuous in oy and 4. Thus it can be
shown that a set of necessary conditions for minimization with respect to 7 is:

d N .
() =0 =2 I+ ouf(Betld) - Fult) k=12, ®)
t=0
Similarly, a set of necessary conditions for minimization with respect to a is
d il o _
E&;(dk) =0=2) [+ af(Betly) — eI (Betly) k=1,2,... M. (9)
t=0

These conditions produce the following explicit expressions for the optimal values o
and v; as functions of 3 and ¢:

o = (D-AC)/(B-4)
% = (BC-DA)/(B- A

where

Ni,
A = ) f(Betly)
t=0

N
B = ) f*(Btly)
t=0

Q
I

Zk:f k(t)
D = 3B

5. Second Stage Minimization

The minimization in (7) can be carried out in one of two ways. One is direct: writing o*
and y* as explicit functions of 3 and 7, and then using a standard non-linear optimization
code (such as MINOS). As an alternative, an iterative process can be implemented. First,
an initial guess for 7 is used, and then the minimization with respect to 5 can be obtained
(given this value of §) by a line search on each B, due to the separation of terms in the
sum. Using the resulting value of §; a next iteration of minimization with respect to 3
can be carried out, etc.

The minimization in (5) with respect to g is accomplished by noting, from (1), that
f(t|g) is continuous in the parameters y; for any fixed value of ¢. In particular

t—14+1 1-1<t<y
(tg) = 1= (t—1i) i<t<i+l
0 t<i—-1l,ort+1<t

4
dy;
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so that

S =1 A
d [ Bl R gtgiﬁ
@f(ﬂkt|y)= 1= (Bt —i) g <t<id
t 0 t L_—l,orﬂSt

Using this result gives the following necessary condition for minimization of the term in
(5) in brackets with respect to §:

M
zdk =2) . > [etof(Btly) - fi))er(l -Gt +i)  (10)

dyi 3 k=1 el
k

M
+2)° Y [+ anf(Betl) - felew(Bet —i+1), i=0,1,...N.
k=1 Zl<ic

..L

i=1
B B

This is a set of N + 1 linear equations in the N + 1 unknowns yo, 1, . ..yy which, given
values of o, = af, ax =7f and f = f; can be solved to obtain §*, the optimizing value
of §. Note, we do not require the equations to be independent.

6. Classification of Welds

Once the values of of,7; and f; have been obtained for the k** PFC, they can be
used, in conjunction with t; = B;Ny, as part of a rule that decides into which category
the k% weld fits. To do this, it is necessary to investigate the joint distribution of these
fit parameters, conditional on having known weld categories. Once these distributions
are obtained, they can be subsequently used to develop Neyman-Pearson type hypothesis
tests for the classification.

7. Example Calculations

In order to test our procedure, we used 41 power factor curves for which the weld
quality was known. We then made an “example” template by averaging 10 other power
factor curves for which the weld quality was known to be “expulsed”, thus having large
cutoff times. (Note that this template is not necessarily the best one that could have been
attained from existing data. We use it here simply to demonstrate the general power of
the method. A more general template estimation procedure is discussed in Section 5).
The template was then fitted to each curve by scaling and/or shifting the template. This
was done by computing values of “fitting parameters” a, 3 and vy, that minimized the
squared error between the scaled template and the sample power factor curve.

That is, for a given weld’s curve g(t), parameters a, 3 and v were found by solving

di = ggggh +af(Bt) — g(t)] (11)



The resulting a, 3 and v are referred to as a*, * and v*. Figures 2 through 9 show the
resulting template fits to typical PFCs of open, stick, good, and expulsion welds. Figure
2 shows, for a known “open” weld, the observed PFC (squares) and the best fit template
(open circles). Figure 3 represents the same information for another (quite different)
known “open” weld PFC. Figures 4 and 5 show results for two different “stick” welds;
Figures 6 and 7 for two different “good” welds; and Figures 8 and 9 for two different
“expulsion” welds. Since 3* scales time, it indicates where the sample’s largest time value
falls on the template. It is therefore possible to compute an adjusted cutoff time t* = 8*N.

Table 1 shows the values of o*, 8%, 4* and t* for 41 welds of known quality. The seventh
column labeled “Class.”, shows the results of a classification rule based solely upon using
t*if (2 < 11.3), (11.3 < t* < 12.7),(12.7 < t* < 14.4), (14.4 < t*) the weld is classified
as “no weld (N)”,“stick (S)”,“good (G)” and “expulsion (E)”, respectively. Combining
N abd S into a single “no weld (NW)” category and G and E into a single “weld (W)”
category, and using the same decision rule for t*, gives the gross classification results
shown in the last three columns. As can be seen, although the algorithm as currently
implemented has some problems (e.g. it produces negative values of o* for weld 7001,
7009, and 7011), it still performs very well in distinguishing between W and NW. Indeed,
it correctly identifies 38 of the 41 welds (93% of the cases). (Typical automotive standards
only require 70% correct identification).

The PFCs for the three welds that were not correctly identified are shown in Figures
10, 11, and 12. Figure 10 shows that allowing the value of « to be negative produces an
undesirable result in which the template is inverted and then fitted to the weld PFC. (A
modification to the fitting algorithm that constrains a* > 0 is clearly desirable, and will
be explored.) Figures 11 an 12 show that, while the method appears to have reasonably
fit the template to these samples, the PFCs are not typical. Indeed, we suspect that
even a welding expert /operator may not have been able to correctly identify these welds
without a destructive test. It should also be noted that for these welds the method was
conservative: they were identified as no welds when they were actually welds.

Table 2 shows a more detailed classification of the 41 welds. As can be seen from the
table, using a value of ¢* alone does not seem to provide for an effective fine-level discrim-
ination between “good” and “expulsion” welds. However, the results show the promise
of the general method, and there is a great potential for improvement by incorporating
information about the other parameters, o and 7, into the classification scheme.

8. Future Research

The quality and accuracy of the template matching classification method should im-
prove when we develop a better method for template identification — recall that we used,
for our example calculations, the average of selected expulsion-weld power factor curves
rather than the more general estimation scheme described in Section 5. In addition, we



have yet to investigate using the information provided by values of o* and v* in the clas-
sification algorithm. The benefits of adding a time shift parameter will also be examined.
Additional data will also help us to accurately determine the distributions of t* which will
further improve the accuracy of classification.

Extensions of this research seek to:
1. gather more PFCs for a variety of weld conditions, in order to build up a credible
and representative data base;

2. develop efficient methods of performing the optimization computations, i.e., a soft-
ware tool to create the template and evaluate welds with PFCs;

3. produce conditional distributions of the optimal fit parameters, and use their sta-
tistical properties to classify the welds into specific categories;

4. examine the information provided by weld classifications to see if it is suitable for
process control and improvement;

5. test the general method for a variety of spot welding conditions;
6. estimate the recommended number of cycles required for good welds;
7. assess the degree to which PFC monitoring and template-fitting can be used to:

a) determine the current required to achieve a good weld given a fixed weld cycle
time;
b) determine, given a current, the weld time most likely to result in a good weld;

¢) develop a schedule for stepping the current.
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Table 1. Summary of Weld Classifications for 41 Samples .

Corr.? (0=No,
Weld # |Act. Qual. t* o* B * Class. |1=Yes) Act. Weld? |Class. Weld? |Corr.?
7001 N 2097] 030 2.33] 9285 E 0 NW | 0w | 0
70020 N 270 2.03] 030 -7035] N 1 NW NW 1
7003] N 484 116 044| -1117] N 1 NW NW |1
7004 N 546]  126] 042] -1650] N 1 NW NW |1
7005| N 9.75| 080 065 1323 N 1 NW NW |1
7006] N 770, 093] 048 356 N 1 NW NW |1
7007 N | 1020, 074 060 1653 N 1 NW NW 1
7008) N 874/ 098 046 134 N 1 NW NW | 1
7009| N 10.50] -20.75] 050, 1503.39] N 1 NW NW 1
70100 S | 11.04] 112 048 -1003] N 0 NW NW 1
7011 S | 075 -31.04] 003 221698 N 0 NW NW | 1
012 S 11.07] 105 041 -3100 N 0 NW NW | 1
7013) G 1247 103 043 -197] S 0 w NW 0
7014 G | 1218 100 042 058 S 0 W NW | 0
8001, N 294 245|042 9829 N 1 NW NW 1
8002 N | 819 106 091 438 N 1 NW NW | 1
8003 S | 979 114 089 -929] N 0 NW NW | 1
8004 S 1220  1.07] 094 383 S | 1 NW CNW |1
8005, G | 1305 1.06] 087, 329 G 1 W W 1
8006 G 1296 105 081 2% G 1 W w 1
8007, G 1377 101 0811 092 G 1w W 1
8008  E 14450, 1.07] 850  -364 E 1 W w1
8009* G 1620,  081| 077 1590 E 0 W W 1
8010* G 1770, 074|077 2213 E 0 W | W I
8011*| G 1950, 073 078 2233 E 0o | W W 1
8012 G 1950, 072 077 2288 E 0 W w .
8013* G 2150, 0.76] 074 1987 E 0 w W 1
9001, N 280, 3.6 056 -148.19° N 1 | NW NW 1
9002/ N 960 118 137 1345 N 1 NW NW 1
9003 S 1240 112] 138 840 S 1 NW NW 1
9004 G 1280 100, 116 020 G 1 w W 1
9005, E 17000 106 131 424 E 1 W W !
9006/  E 21200 074 141 2047 E 1 W w 1
9007 E 2110 105 132, 333 E 1 W W 1
9008, E 1970, L1216 814 E 1 W w 1
90091 E 25100 1.02) 1320 086 E 1 W w 1
9010 E 2790, 111 133 177 E 1 W w I
9011 E 3060 099 133 18 E 1 W W 1
9012 E 33.50] 0.6 1.341 1187 E 1 W W I
9013] E 3590 094] 133 528 E 1 W W 1
9014* G 32200 079 LIl 1653 E 0 W v
| { 1% Correct 68.29% % Correct | 92.68%
* Indicates that welds may require a non-expulsion templatie B - L
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Figure 6. Best Fit of a Template to Weld # 8005 ('"Good Weld').
a*x =1.06, B* =0.87, v =-3.29
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