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Abstract

This program evaluated the effects of common manufacturing variables on spike-
tempering effectiveness. The investigation used design-of-experiment (DOE)
techniques, and examined both dual-phase and martensitic grades of high-strength
steels (HSS). The specific grades chosen for this project were:

Dual-phase (DP) 600, galvannealed (GA), 1.55 mm (DP) 600
Dual-phase (DP) 980 (uncoated), 1.55 mm (DP) 980
Martensitic (M) 1300, 1.55 mm (M) 1300

Common manufacturing conditions of interest included tempering practice (quench and
temper time), button size, simulated part fitup (sheet angular misalignment and fitup),
and electrode wear (increased electrode face diameter). All of these conditions were
evaluated against mechanical performance (static and dynamic tensile shear). Weld
hardness data was also used to examine correlations between mechanical performance
and the degree of tempering.

Mechanical performance data was used to develop empirical models. The models were
used to examine the robustness of weld strength and toughness to the selected
processing conditions. This was done using standard EWI techniques. Graphical
representations of robustness were then coupled with metallographic data to relate
mechanical properties to the effectiveness of spike tempering.



Mechanical properties for all three materials were relatively robust to variation in
tempering. Major deviations in mechical properties were caused by degradation of the
weld itself. This was supported by a lack of correlation between hardness data and
mechanical results. Small button sizes and large electrode face diameters (worn
electrodes) produced large reductions in both static and dynamic strength levels when
compared to standard production setups. Dynamic strength was further degraded by
edge-located welds.
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Executive Summary

This program evaluated the effects of common manufacturing variables on spike-tempering
effectiveness. The investigation used design-of-experiment (DOE) techniques, and examined
both dual-phase and martensitic grades of high-strength steels (HSS). The specific grades
chosen for this project were:

Dual-phase (DP) 600, galvannealed (GA), 1.55 mm (DP) 600
Dual-phase (DP) 980 (uncoated), 1.55 mm (DP) 980
Martensitic (M) 1300, 1.55 mm (M) 1300

Common manufacturing conditions of interest included tempering practice (quench and temper
time), button size, simulated part fitup (sheet angular misalignment and fitup), and electrode
wear (increased electrode face diameter). All of these conditions were evaluated against
mechanical performance (static and dynamic tensile shear). Weld hardness data was also
used to examine correlations between mechanical performance and the degree of tempering.

Mechanical performance data was used to develop empirical models. The models were used to
examine the robustness of weld strength and toughness to the selected processing conditions.
This was done using standard EWI techniques. Graphical representations of robustness were
then coupled with metallographic data to relate mechanical properties to the effectiveness of
spike tempering.

Mechanical properties for all three materials were relatively robust to variation in tempering. Major
deviations in mechical properties were caused by degradation of the weld itself. This was
supported by a lack of correlation between hardness data and mechanical results. Small button
sizes and large electrode face diameters (worn electrodes) produced large reductions in both
static and dynamic strength levels when compared to standard production setups. Dynamic
strength was further degraded by edge-located welds.
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1.0 Introduction

Fuel efficiency standards promote lightweight automotive structural designs that rely on high-
strength steels (HSS) to optimize weight and performance. HSS are still preferred over
alternative lightweight materials due to the relative cost. Recently, a range of advanced high-
strength steels (AHSS) have been introduced. These include dual-phase (DP), transformation-
induced plasticity (TRIP), and martensitic grades. All of these grades appear to meet
requirements for formability, but weld metal fracture associated with resistance spot welding
(RSW) of these steels has been a concern. More specifically, these grades of materials are
susceptible to a phenomenon known as hold time sensitivity (HTS). HTS is usually
demonstrated during peel tests, where longer hold times yield interfacial failure modes.

Recent investigations have reduced HTS through in-situ tempering. These studies were
conducted in order to develop acceptable welding and tempering conditions for the steel grades
mentioned earlier. Results from these investigations have shown that short temper schedules,
“spike-tempers,” are effective for improving weld metal fracture toughness while retaining joint
strength. The effects of manufacturing conditions on the usefulness of this technique, however,
are unknown.

This project examines the effect of typical manufacturing variables on the effectiveness of spike
tempering. Manufacturing factors included geometric concerns (part fitup, part alignment, part
gap, button size), electrode wear concerns (electrode face diameter), and tempering concerns
(quench and temper time). To facilitate this work, experimental design (DOE) methodologies
were employed. DOE results were used to develop empirical models that relate processing
conditions to both static and dynamic mechanical properties. This was done for two grades of
DP steel (DP600 and -980), and one grade of martensitic steel (M1300). The models were then
used to develop graphical representations of process robustness. This was done in order to
determine the relative effect of each factor on mechanical performance, as well as the
robustness of spike tempering. Results were supported with metallographic observations.

2.0 Experimental Techniques

2.1 Materials and Coupon Dimensions

The steels chosen by the sponsors for this phase of the program included:
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DP600, galvannealed (GA), 1.55 mm (DP) 600
DP980 (uncoated), 1.50 mm (DP) 980
Martensitic (M) 1300, 1.56 mm (M) 1300

Individual chemistries are given in Table 1.

Weld coupons for the static, dynamic, and metallographic specimens measured 125"~ 200 mm
(57 8in). Slightly longer dynamic coupons were used to accommodate a 180-degree radiused
bend at one end. Peal coupons measured 38~ 125 mm (1.5" 5in.).

2.2 Equipment

A Newcor 200-kVA single-phase AC pedestal-type spot welder was used in this investigation.
This machine used a Medar Legend controller that was set up for phase-shift control (constant
voltage). Constant voltage control was used due to the relatively short duration of the temper
pulse.

Welding and temper currents were measured using a Miyachi MM326 weld checker. Weld force
was measured using an oil-filled Waka force gage. Weld button measurements were made with

Mitutoyo knife-edge digital calipers.

2.3 Experimental Design

For this program, a 7-factor, two-level, Resolution IV fractional-factorial design was used.
Factors and their associated levels were:

Quench time (20 cycles, 40 cycles)

Temper time (2 cycles, 4 cycles)

Button size (4vt, 6vi)

Electrode face diameter (8 mm, 9 mm)

Angular misalignment (perpendicular, 10-degree offset)

Weld position (center of coupon overlap, 0.5 mm from edge)
Fitup (good fitup, 2t gap)

Quench time levels were obtained from previous work and were verified using analytical
models™ that predicted the critical cooling rate. These results suggested that the longer (40
cycle) was necessary for complete transformation on these particular gauges of steels. Temper
times were chosen from different regions of the previously developed spike-temper diagrams.®
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The 2-cycle temper time was chosen to provide a stable, but nearly adiabatic thermal cycle
across the weld region. The 4-cycle temper time, alternately, has been seen to allow some
electrode cooling effects, but still be considered within the spike-temper regime.®

Button sizes were chosen based on several recommended practice documents, again based on
the 1.55-mm sheet thickness.®® Button size levels were 5.21 and 7.35 mm for the low and high
levels, respectively. Electrode face sizes were also nominally taken from these documents.

The low (8-mm) level of electrode face diameter was taken from the Ford BA 013-04
specification.® The high (9-mm) level was chosen somewhat arbitrarily, and was selected to
simulate extreme electrode wear. Angular misalignment variations were defined based on
previous work,®® with levels planned at zero and 15 degrees. Small button diameters could not
reliably be achieved at the most severe tilt condition. As a result, a 10-degree angle was
incorporated in the final DOE. Weld position and fitup levels were based on previous studies®
10 and on discussions with the sponsor.

The experimental design was of reduced resolution, and therefore had some two-factor
confounding. To manage this confounding, significant two-factor interactions were ranked from
0 to 10 based on the degree of significance. Rankings were based on EWI's past experience.
The individual columns in the experimental matrix were then organized to eliminate the grouping
of multiple significant interactions. Interactions deemed significant were mainly those involving
guench time, although some involving electrode face diameter were also identified.

24 Setup

In the experimental trials, a special fixture was used to support and position the coupons relative
to the electrodes. The fixture also facilitated angular rotation for the misalignment condition.
Male, Class 2, RWMA 6, 45-degree truncated cone-type electrodes were used for all trials. Face
diameters were 8 and 9 mm, as mentioned above. Prior to use, the electrodes were aligned
using a coupon wrapped in emery cloth. Parallelism was accomplished by rotating the paper
and coupon between the electrodes using reduced electrode pressure. Alignment was
confirmed using carbon imprints.

25 Screening Trials

Screening trials were conducted to help properly scale the experiment. Particularly the effort
was made, through these screening trials, to minimize the occurrence of no-weld conditions in
the experiment. As a first step, current range data was collected for each electrode face
diameter on the 38-mm-wide samples in the optimal condition (perpendicular alignment, good
fitup). This was done to reveal the required levels for the high and low button sizes. The welding
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practice was taken from previous phases, and involved a weld force of 5.5 kN (1200 Ib), and
welding times of 17 and 19 cycles, depending on the steel grade.

Once weld currents were identified for the small button size, “worst-case” welding conditions
were attempted to ensure bond integrity throughout the experiment. These particular tests
focused on poor angular alignment and fitup conditions. Initial angular offsets were examined at
10 and 15 degrees (using the higher strength grades of steel and with the small button size).
Poor fitup conditions were simulated with 1, 2, and 3t gaps between the coupon overlap. The
gaps were obtained by inserting 13-mm-wide = 125-mm-long (0.5-in.-wide * 5-in.-long) shims at
the outermost edges of the overlap. To account for the edge-position welds, the shims had to be
oriented the same direction as the weld fixture (perpendicular to the machine). Similar to the
angular offset trials, poor fitup was examined using the higher strength steels and using the
smaller button size. As a final check, these tests were duplicated using larger electrode face
diameters.

Results from these trials showed that a 15-degree angular misalignment was too severe,
particularly in combination with the larger (9-mm) electrode face diameter. A 3t level of poor fitup
or gap was also determined to be excessive when used in combination with angular
misalignment, large electrode face diameters, and small button sizes. Angular misalignments of
10 degrees and part gaps of 2t appeared to be acceptable in terms of maintaining an “in-tact”
weld specimen, and were severe enough to examine variation. These two levels were eventually
picked for the final DOE levels (Table 2).

2.6 Tempering Trials

Temper trials were conducted to define acceptable tempering currents (in the center of the C-
curve portion of the temper map) for the steels used in these experiments. Tempering trials
were carried out with the smaller 38-mm (1.5-in.) -wide coupons, and used weld surface
hardness to define the degree of tempering. All samples were generated using previously
defined weld schedules for the grade of steel involved. Welding was done in the flat
(perpendicular) position with good fitup, and using the small electrode face diameter and small
button size. Acceptable tempering currents were identified by choosing the point at which
maximum softening had occurred. These levels were further confirmed by peel testing. This
was done through conformation of full peel buttons. In all cases, full button pull was consistent
with the hardness “dip” obtained from the range curves. Tempering currents were identified for
each level of temper time planned in the DOE outlined above. No allowances were made for any
of the other variables studied. Welding schedules and tempering currents are presented in
Table 3.
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2.7 DOE Welding Trials

For each of the DOE trials, electrode setups were conducted in a manner described in Section
2.4 above. Conditioning of the electrodes was then dependent on the material coating. For the
DP600 GA material, 200 conditioning welds were done to stabilize the condition of the electrode
face. Approximately 25 conditioning welds were performed with the DP980 and M1300 uncoated
grades.

For each set of processing conditions in the DOE, button size was confirmed using the 38~ 125
mm (1.5° 5in.) peel samples. Peel specimens were done with a single weld positioned in the
center of the overlap, and were always done in the flat position and with good fitup. Shunt welds
were not employed on the peel samples, in order to more accurately mimic the mechanical test
samples to be produced.

Despite the efforts to avoid no-weld conditions in the DOE, it was noted that during some trials
involving angular misalignment, the sheets would detach at cycle completion. This was
particularly true for schedules involving a short quench time in combination with a large electrode
face and a small button size. In order to mitigate this issue, button size determinations for trials
involving angular misalignment were no longer done in the flat position. Rather, the button size
determination was done in the angled position, mimicking the conditions of the trial itself. This
had the effect of essentially prorating the welding current to the angular misalignment.

Once button size was confirmed, six representative samples were made for mechanical and
metallographic testing. Two of the samples were for static tensile shear tests, two were for
dynamic tensile shear tests, and one was for metallographic examinations. The remaining
sample was retained as a spare.

2.8 Statistical Analysis of the Data

Statistical analysis of the data was done using the standard EWI methodology. This
methodology has been detailed at length elsewhere.®® Essentially, the methodology consists of
five steps:
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Normalization of the response data
Stepwise regression analysis
Regression analysis/model development
Reverse transformation of the model
Preparation of robustness plots.

a ks wbhpeE

Normalization of the response data is a critical first step to achieving accuracy from statistical
models. This is because statistical models are based on inference from comparisons of normal
distributions of data. Unfortunately, most real data is not normally distributed. In this case, a
range of mathematical transforms can be used to improve the normality of such data. Such
transforms must be both monotonic, and continuous over the data range of interest. In this
study, each set of response data was tested for normality using Minitab® 13.0 software.
Normality was assessed both numerically and graphically by comparison with mean and
standard-deviation results. Normality corrections (where required) were then applied using a
limited range of transformation functions, and varying weighting constants in an iterative fashion.
These normalization functions were then retained, and the transformed data used for
subsequent analysis.

Stepwise regression analysis is essentially the process of defining the factors for inclusion in the
statistical model. This, again, was done through Minitab® 13.0 software. During stepwise
analysis, factors are selected progressively, based on their correlation with the (now normal)
response data. Main effects and two-factor interactions are continually selected until no
remaining factor has a correlation statistic above a critical value. Identified factors (main effects
and two-factor interactions) are then used for the full regression analysis.

Regression analysis/model building refers to the development of a full statistical model. In this
step, the factors and interactions identified by stepwise regression analysis are regressed (again
in this study with Minitab® 13.0) against each response variable of interest. The resulting models
contain all necessary constants and qualification statistics.

Reverse transformation of the models is the final step in the model building process. As
mentioned above, the core statistical models are based on the normally transformed data, and
must be back transformed to represent the raw data. These back transformations are
essentially the inverse functions of the normalization functions described above. These inverse,
or back-transformation functions must also be both monotonic and continuous over the
response range of interest. Results from these back-transformed statistical models are then
used to develop the process robustness plots described below.
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Robustness plots are visual vehicle used for interpreting the results of DOE-based studies.
Process robustness plots are created by first identifying some best or acceptable practice
(combination of experimental factors). Then, the response characteristic is plotted as a function
of each factor as it is varied from those conditions. This approach has three benefits. First, it
allows relatively complicated response models (in this case, up to 7 factors) to be viewed as a
series of two-dimensional projections. Second, critical (and non-critical) factors can be quickly
identified. Finally, for critical process (and setup) variables, acceptable ranges of variations can
be graphically identified.

2.9 Microscopy and Hardness Data

Metallographic samples were prepared by sectioning normal to the weld along the centerline.
The resulting sections were then metallographically prepared using standard techniques.
Etching was performed using 2% Nital. Sectioning was done along the longitudinal axis of the
coupon.

Hardness traverses were done using a series of Vickers microhardness measurements (1-kg
load, 15 s). The hardness traverse was done normal to the faying surface, along the central axis
of the weld.

3.0 Results

3.1 Statistical Analysis

The mechanical test data (Tables 4 and 5) was analyzed using the statistical approach outlined
in Section 2.8 above. Six different analyses were conducted as part of this program. This
included analysis of peak loads during static testing, and absorbed energies during dynamic
testing for each of the three materials. Several samples made using the DP grades detached
during shipment to the mechanical test lab. For these samples, zeros were recorded in the
dataset. Two of the six datasets (DP600-dynamic testing and M1300-dynamic testing) required
data transformation prior to analysis in order to restore normality. Transformation equations are
shown in Table 6. Once normality correction was complete, the analyses were performed in the
standard fashion.

The resulting regression models generally had good correlations with the data. With the
exception of the M1300 dynamic model, R? values were well above 80%. These regression
models, along with their associated correlation factors are presented in Tables 7-12.
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The resulting models were then used to create graphical representations of process robustness.
In this process, the DP600 and M1300 dynamic models required back-transformation in order
yield the force and energy data needed in the plots. The resulting process robustness plots are
presented in Section 3.2 below.

3.2 Process Robustness Results

As described in Section 3.1 above, the regression equations derived for each response and
material grade were used to develop graphical representations of process robustness. The
process robustness diagrams presented here are anchored on appropriate production settings
and are presented in Figures 1-6. Each factors effect on mechanical performance data is
shown. The plots were created by varying each factor level individually (from low to high) based
on the “anchored” conditions. The anchored conditions are as follows:

Quench time: 40 cycles (high level)

Temper time: 4 cycles (low level)

Button size: 6vt (high level)

Electrode face diameter: 8-mm (low level)

Angular misalignment: None or perpendicular (high level)
Weld position: Center of coupon overlap (high level)
Fitup: No gap (high level).

Descriptions of these plots for the individual materials are given below.
3.3 DP600 Static Tensile Shear Results

The process robustness plot for the static tensile shear test results on the DP600 steel is shown
in Figure 1. Static tensile shear (peak load) for the DP600 material was strongly influenced by
the electrode face diameter and button size. The effect of weld position and angular alignment
was notable, although not as significant. Quantitatively, the effects of the individual factors, when
varied from the anchored conditions, are as follows:

Large electrode face diameter — decrease of 54%
Small button size — decrease of 42%

Edge located weld — decrease of 15%

10-degree angular misalignment — decrease of 13%
Short (2-cycle) temper time — increase of 2%

Short quench time — decrease of 1.42%
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Quench and temper times, as well as fitup condition had almost no effect on static performance.
3.4 DP980 Static Tensile Shear Results

The process robustness plot for the static shear tensile shear test results on the DP980 steel is
shown in Figure 2. The plot is somewhat similar to that seen for the DP600 steel (Figure 1
above), and is again dominated by the effects of button size and electrode face diameter. In this
case, however, weld location did not have any effect. The quantitative impact of varying each
factor from the anchored conditions is as follows:

Small button size — decrease of 48%

Large electrode face diameter — decrease of 35%
Short (20-cycle) quench time — increase of 20%
10-degree angular misalignment — increase of 17%
Poor fitup — decrease of 10%

Short temper — decrease of 9%

Edge located weld — decrease of 0.5%

The effect of quench and temper time was reversed from that found on the DP600 material. The
DP980 material appears to favor short quench times and long temper times. Compared to the
other factors, however, these effects were minimal.

35 M1300 Static Tensile Shear Results

The process robustness plot for the static tensile shear results from the M1300 material is
presented in Figure 3. Overall, the observed variations in static strength were small compared
to the two other materials. Strengths on this plot do not fall below 16 kN. The largest effect was
due to changes in button size. The quantitative impact of varying each factor from the anchored
conditions is as follows:

Small button size — decrease of 44%

Large electrode face diameter — decrease of 18%
Short temper — decrease of 17%

Short quench — decrease of 14%

Edge located weld — decrease of 2%

Angular alignment and fitup conditions did not affect the static results.
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3.6 DP600 Dynamic Tensile Shear Results

The process robustness plot showing the dynamic shear energy results (energy at peak load) is
presented in Figure 4. The most notable characteristic of this plot is the reduction in dynamic
tensile shear energy with application of a number of factors. These included small button sizes,
large electrode face diameters, and edge position of the weld. The short quench times
moderately reduced impact energies, while the shorter temper times moderately improved them.
The quantitative impact of varying each factor from the anchored conditions is as follows:

Small button size — decrease of 100%

Edge located weld — decrease of 100%

Large electrode face diameter — decrease of 95%
Poor fitup — increase of 76%

10-degree angular misalignment — increase of 40%
Short quench time — decrease of 32%

Short (2-cycle) temper time — increase of 16%

Of note, poor fitup appeared to greatly improve impact energies when welding this steel.
Reasons for this are not clear; however, a similar effect was not seen for the other steels of this
study.

3.7 DP980 Dynamic Tensile Shear Results

The process robustness plot for the dynamic shear energies for the DP980 steel is presented in
Figure 5. These results generally tracked with the static tensile results presented above. With
the exception of fitup, all factors appeared to influence the impact results of the DP980 steel.
The quantitative impact of varying each factor from the anchored conditions is as follows:

Edge located weld — decrease of 80%

Small button size — decrease of 76%

Large electrode face diameter — decrease of 27%
Short temper — decrease of 18%

Short (20-cycle) quench time —decrease of 5%
10-degree angular misalignment — increase of 2%

3.8 M1300 Dynamic Tensile Shear Results

The process robustness plot for the dynamic tensile shear results on the M1300 steel are
presented in Figure 6. The dynamic tensile shear results were again dominated by the effect of
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button size. Edge position also had a moderate effect. The quantitative impact of varying each
factor from the anchored conditions is as follows:

Small button size — decrease of 100%

Edge located weld — decrease of 28%

Large electrode face diameter — decrease of 9%
Short quench — decrease of 3%

Temper time, angular alignment, and fitup conditions had no apparent effect on dynamic
performance for this material. The insensitivity to fitup conditions for this grade of material was
consistent with results obtained from the static analysis.

3.9 Hardness Observations

Through-thickness hardness data was collected and is presented for each trial in Appendices A-
C. These appendices includes both the hardness plot, and a micrograph of the weld nugget
itself. This data was examined visually, and was correlated with mechanical results to examine
similarities. Both peak and averaged hardness results were used. These correlations are
described in the following sections.

3.9.1 Optimal Conditions for Tempering

Hardness traverses were not examined statistically, but were compared and contrasted against
the different factor settings. From these examinations, the following factors were determined to
be optimal for effective tempering:

Quench time — 40 cycles

Button size — small (4vt)

Electrode face diameter — small (8 mm)
Weld position — center of overlap

This practice was consistent for all the materials examined.

3.9.2 Correlations with Mechanical Data

In order to examine similarities between hardness and mechanical data, both averaged and peak
hardness data was overlaid on average strength data (both static and dynamic). The data was
plotted by trial number. Hardness data was also plotted directly as a function of strength data.
Results showed that the mechanical performance data was largely insensitive to variations in
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weld hardness over the ranges studied. Data illustrating this is shown in Figures 7-10 for the
impact data. Results from the static data, are not shown, but are similar.

3.10 Nugget Measurements from Mechanical Specimens

Nugget measurements were recorded from processed static and dynamic test specimens.
Residual buttons, if present, were measured as well. This data is shown in Tables 13 and 14. In
most cases, the welds failed in shear, although parent metal pull-out (a weld button) was evident
on many of the trials involving edge located welds. Button pulls were more frequent on the
higher strength steels compared to the DP600 material.

4.0 Discussion

4.1 Influence of Geometry

Factors which affected the geometry of the specimen clearly dominated the performance of
welds made on all three grades of steels. These included the electrode face diameter, the weld
position, the weld size, and the angular alignment. The most important of these attributes was
the size of the weld itself. The relationship between static strengths and weld size has long
been established.***? In general, larger weld sizes lead to improved mechanical properties.
That fact was certainly reflected here. Reducing weld size was particularly detrimental to impact
performance.

Regarding AHSS, previous studies****) have noted the effect of weld size on susceptibility to
interfacial fracture, with subsequent reduced performance. Generally, it was suggested that
three factors relate to such failures. These include a fracture sensitive (high hardness)
microstructure, a preferential crack path (weld related porosity), and a disadvantageous stress
state. Further, it was noted that in the extreme, any one of these factors could be related to
reduced performance. In these studies, the hardness profiles suggest significant toughening of
the weld microstructure, and the micrographs do not infer the presence of extensive porosity.
As a result, stress state appears to be the dominant cause of performance variations. For static
testing, the larger weld sizes both increase the overall bond area, and promote nugget rotation,
reducing tendency for shear-type failures. Both directly affect the required load to produce
failure. In addition, as suggested above, weld size also affects the stress state.

Electrode face diameter also turned out to be a critical factor. Mechanical properties associated
with the DP600 material were most adversely affected by the larger face diameters, although the
DP980 also showed major sensitivity. Metallographic work (see Appendices A-C) shows that
welds made with small face diameters exhibit a much more consistent fusion zone at the outer

ELLi 12 47819GTH/FR-1/04




regions of the weld compared to those using the larger face. The influence of increasing
electrode face size on weld morphology is well documented.***®) As electrodes increase in
size, weld nugget geometries vary from ellipsoidal to toroidal to crescent shaped. This effect is
due to thermal instabilities, which result as the electrode diameter-to-sheet thickness ratio
becomes excessively large. In these studies, button sizes were confirmed for each trial. This
was done using the smaller (1.5-in.-wide) coupons. Additionally, this was done with no
constraint (flat position, with good fitup). Test specimens, however, were made on the 5-in.-wide
coupons, and clearly show a reduced degree of fusion compared to that observed on the smaller
coupons. This suggests that the additional thermal constraint associated with the larger
coupons has effected weld formation. The effect is particularly evident with the higher strength
material grades.

The effect of weld position was consistent for all grades of material and for both mechanical
measures. Edge-located welds reduced performance. Of the three materials, the DP600
suffered the greatest performance losses due to this factor. Reasons for this are most likely
related to HAZ softening characteristics. The DP980 and M1300 materials both experience
significant softening in the HAZ due to welding. The DP600 material, however, experiences
minimal softening about the weld periphery. The effect was noted in the first two phases of this
program. HAZ softening tends to make the higher strength grades fail in a ductile fashion, with
initiation occurring in the softened region. This is clear from viewing button measurements taken
from the failed mechanical samples. Data clearly shows that full button pull-outs were more
pronounced with the higher strength grades, and that all button pulls were associated with edge-
located welds. The lower strength (DP600 material), however, tended to fail in a shear mode,
which was most likely caused by the minimization of a metallurgical notch.

The effect of weld position was most prominent for impact strength, but was also significant for
static tensile strength. This change in sensitivity is probably related to the reduced tendency for
nugget rotation during the impact tests.

The effect of angular position has been documented in separate research®® and has been
shown to drastically affect weld performance by promoting a deleterious stress buildup at the
weld periphery. In this program, the effect was partially masked by prorating the current during
the DOE trials. As a result, this factor did not appear to be as significant as the other geometric
factors. In reality, the effect of angular misalignment is probably more severe than any of the
other factors examined. The sensitivity of the three materials to angular misalignment paralleled
the response to edge position (DP600 most sensitive, M1300 least sensitive). Reasons for this
can again be related to the degree of softening about the weld periphery. The DP600 material,
due to its resistance to HAZ softening, is more susceptible to stress “pileups” at the outer edges
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of the weld, while the M1300 can better accommodate these buildups by yielding in the softened
region.

4.2 Effects of Tempering Conditions

The variation in temper times examined here minimally affected mechanical performance,
particularly compared to the geometric factors. This is not surprising given that temper times
were purposely chosen in the spike-tempering regime of the temper maps. In general, the
preference was for the longer temper time, particularly with the higher strength materials.

Overall, hardness drops were greater when the smaller button size was employed. For the
DP600 material, this is apparent from viewing Trials 2, 4, 5, and 6 (Figures A-2, A-4, A-5, and A-
6, Appendix A). Trials 2 and 4 were done using the smaller button size, and clearly show an
adequate degree of softening compared to maximum attainable hardness. These particular
trials, however, produced substantially lower mechanical strengths. Figures 5 and 6, on the
other hand, showed welding conditions involving the larger button size and clearly illustrate that
substantial softening was never achieved. Nevertheless, Trials 5 and 6 produced the best
mechanical properties in terms of both static and dynamic criteria. There are two possible
reasons for differences in tempering response. First, the quench times may have been
inadequate for the large button size. In addition, the larger weld may have provided a larger
current conducting area, reducing effective current density and subsequently tempering
effectiveness. Clearly, the degree of tempering appears secondary to good geometric
conditions. In addition, the harder weld is inherently stronger, offering greater resistance to the
shear-type failures generally observed in this study. The difference in results for small and large
button sizes helps explain the relatively stable robustness of this factor in the experiment.
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4.3 Process Robustness of the Spike-Tempering Approach

As detailed above, the dominant factors affecting performance were largely geometric, rather
than related to the spike-tempering approach itself. For the three steels studied, actual
variations in spike-tempering practice resulted in minimal variation in mechanical performance.
This would suggest the spike-tempering process is quite robust, not only with respect to
variations in the tempering conditions themselves, but also regarding other manufacturing
variations (electrode size, electrode alignment, etc.). As described above, however, some
sensitivity is masked due to the scaling of temper currents to temper time. The shape of the
spike-temper diagram®” clearly shows that the degree of tempering is quite sensitive to
variations in time (at a fixed current) but relatively insensitive to variations in current (at a fixed
time). Fortunately, the process can be precisely controlled in time (most modern controllers are
accurate to 10s of ps), and must be considered robust even with the implied sensitivity from the
spike-temper diagram itself.

Factors that lead to current concentrations in the weld area also affect temper response. These
include fitup, button size, and potentially alignment. In these cases, the area for conduction
during tempering is reduced, causing exaggerated heating during tempering at a fixed current.
This, in turn, based on the current dependency indicated in the spike-temper diagram, can cause
variations in the effective temper response.

Finally, factors that effect thermal response can cause variations in tempering behavior. These
include, potentially, proximity to the edge, electrode size, and even alignment. In the former
case, proximity to the edge reduces potential heat losses to surrounding material by the
introduction of a non-conducting boundary (the edge itself). It has been demonstrated
elsewhere™® for the thicknesses of steel studied here, these edge losses could be as high as
40% of the heat generated in the weld. Elimination of this conductive path would have the effect
of overheating the temper area, potentially resulting in re-austenization and re-formation of
martensite. Conversely, excessively large electrode diameters can heat sink the weld during
tempering, reducing the temper response. The opposite of this is the effect of poor alignment.
In this case, the smaller implied electrode contact area reduces heat extraction during
tempering, potentially increasing the tempering response.

Despite all the potential effects of geometric factors on tempering effectiveness, button
morphologies from failed mechanical samples failed to show any evidence of interface-type
failures. This suggests that spike tempering is quite robust to current (or current density)
variations, and should be applicable to a range of manufacturing environments.
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5.0 Conclusions

In this program, the robustness of the spike-tempering approach regarding a range of
manufacturing conditions has been evaluated. Work as been conducted on three representative
AHSS. These include DP600, DP980, and M1300 steels, all ranging from 1.5 to 1.56 mm in
thickness. Factors included in the robustness analysis included quench time, temper time,
button size, electrode face diameter, angular misalignment, weld position, and fitup. Work was
done using DOE approaches. A 16-trial fractional-factorial experiment was conducted for each
steel. Response variables for this analysis included static tensile properties and impact tensile
properties. Metallographic sections along with through-thickness hardness traces were also
collected for reference purposes. Results were then analyzed using regression techniques, and
prepared graphically as process robustness plots. Specific conclusions from this program
include:

(1) Overall robustness of the spike-tempering approach: Overall process robustness

for the application of spike tempering was dominated by geometric effects. There was
relatively less influence of actual spike-tempering variables (temper time, quench time)
on joint performance.

(2) General characteristics of hardness profiles: All hardness profiles maintained the

characteristic top hat shape, indicating uniform softening because of the spike-tempering
process. This was not surprising, as temper times and currents were all selected within
the spike-temper region of the overall temper curve.

(3) Failure modes during mechanical testing: All welds failed by either shear or button
pull-out. This is a reflection of toughness improvements associated with spike tempering
across the range of materials, setup conditions, and tempering conditions used in this
study.

(4) Significance of geometric factors: Geometric factors dominated the results seen in

these experiments. In particular, large weld sizes were the single strongest factor
affecting weld performance. This was related to the load bearing area of the weld, as
well as the reduced stress concentration factors associated with larger weld sizes.
Factors, which influenced the degree of nugget rotation during testing (e.g., edge
position), also affected the results, especially impact performance.

(5) Prorating of temper current during the experimental trials: In these studies, the
temper current was prorated to temper time based on the temper map C-curve.
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However, the shape of the spike-temper curves indicates considerable robustness to
variations in tempering current due to typical fitup and misalignment conditions.

Heat transfer and current density-related effects: Geometric (misalignments, poor

fitups) and simulated electrode wear (large electrode face diameters) factors affected the
conducting area for flow of the weld current and the thermal response of the weld. This
necessitated some prorating of weld current values in order to preserve adequate button
sizes. Again, the shape of the spike-temper curves indicates considerable robustness to
such variations in current.

Relative sensitivity of the materials tested: All materials showed the same general

trends regarding variations in mechanical properties during these experiments. Minor
differences in material performance were related to the relative hardness of the tempered
welds, as well as HAZ softening for the higher strength variants.
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Table 1.

Chemistries for the Three Materials

Element DP600 DP980 M1300
Carbon 0.07 0.14 0.18
Manganese 1.94 1.59 0.40
Phosphorus 0.019 0.018 0.012
Sulfur 0.003 0.004 0.007
Silicon 0.02 0.30 0.20
Chromium 0.15 0.03 0.03
Nickel 0.02 0.02 <0.01
Molybdenum 0.18 <0.01 <0.01
Niobium 0.003 0.002 0.002
Aluminum 0.045 0.043 0.061
Copper 0.03 0.04 0.01
Vanadium 0.004 0.002 0.004
Titanium 0.003 0.005 0.036
Iron 97.5 97.8 99.0
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Table 2.

DOE Trial Matrix

Quench | Temper

Trial Time Time BS EFD Angular Edge

No. (cycles) | (cycles) | (vt) | (mm) Misalignment Weld Fitup
1 20 4 4 8 10-degree offset | 0.5-mm from edge | 2t gap
2 40 4 4 8 Perpendicular 0.5-mm from edge | No gap
3 20 2 4 8 Perpendicular Center 2t gap
4 40 2 4 8 10-degree offset | Center No gap
5 20 4 6 8 Perpendicular Center No gap
6 40 4 6 8 10-degree offset | Center 2t gap
7 20 2 6 8 10-degree offset | 0.5-mm from edge | No gap
8 40 2 6 8 Perpendicular 0.5-mm from edge | 2t gap
9 20 4 4 9 10-degree offset | Center No gap
10 40 4 4 9 Perpendicular Center 2t gap
11 20 2 4 9 Perpendicular 0.5-mm from edge | No gap
12 40 2 4 9 10-degree offset | 0.5-mm from edge | 2t gap
13 20 4 6 9 Perpendicular 0.5-mm from edge | 2t gap
14 40 4 6 9 10-degree offset | 0.5-mm from edge | No gap
15 20 2 6 9 10-degree offset | Center 2t gap
16 40 2 6 9 Perpendicular Center No gap
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Table 3. Weld and Temper Currents for the Three Materials
DP600 Weld and Temper Currents DP980 Weld and Temper Currents M1300 Weld and Temper Currents
Force =5.5kN Force =5.5kN Force =5.5kN
Weld Time = 19 cycles Weld Time = 17 cycles Weld Time = 17 cycles
Weld Weld Temper Temper Weld Weld Temper Temper Weld Weld Temper Temper
Trial Current Heat Current Heat Current Heat Current Heat Current Heat Current Heat
No. (kA) *0) (kA) *0) (kA) *0) (kA) *0) (kA) *0) (kA) *0)
1 9.0 21 14.7 44 8.4 17 11 22 9.1 20 13.3 32
2 8.0 16 14.7 44 6.1 12 11 22 7.7 15 13.3 32
3 8.0 16 20.6 78 6.1 12 19.8 39 7.7 15 16.9 48
4 9.0 21 20.6 78 8.4 17 19.8 39 9.1 20 16.9 48
5 8.7 20 14.7 44 8.4 19 11 22 9.4 21 13.3 32
6 9.7 24 14.7 44 10.5 26 11 22 11.3 30 13.3 32
7 9.7 24 20.6 78 10.5 26 19.8 39 11.3 30 16.9 48
8 8.7 20 20.6 78 8.4 19 19.8 39 94 21 16.9 48
9 10.2 28 14.7 44 9.9 23 11 22 9.7 22 13.3 32
10 9.0 20 14.7 44 7.9 15 11 22 8.2 16 13.3 32
11 9.0 20 20.6 78 7.9 15 19.8 39 8.2 16 16.9 48
12 10.2 28 20.6 78 9.9 23 19.8 39 9.7 22 16.9 48
13 9.6 24 14.7 44 9.5 20 11 22 9.3 21 13.3 32
14 11.9 32 14.7 44 11.2 29 11 22 11.5 30 13.3 32
15 11.9 32 20.6 78 11.2 29 19.8 39 11.5 30 16.9 48
16 9.6 24 20.6 78 9.5 20 19.8 39 9.3 21 16.9 48
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Table 4.

Raw Static Tensile Data

DP600 Static Tensile (kN)

DP980 Static Tensile (kN)

M1300 Static Tensile (kN)

Trial Replicate 1 Replicate 2 Replicate 1 | Replicate 2 | Replicate 1 Replicate 2
1 6.85 7.21 8.81 6.54 14.41 16.19
2 7.65 12.37 11.12 12.50 15.75 12.86
3 7.78 12.94 7.70 6.01 9.39 12.14
4 9.03 9.07 14.81 10.68 11.65 14.46
5 20.91 20.19 26.07 24.78 25.00 24.69
6 20.24 19.75 23.04 24.47 29.54 25.84
7 4.36 5.96 19.53 18.82 18.28 20.64
8 16.06 15.39 20.15 20.77 25.67 23.49
9 5.83 5.38 15.08 9.61 12.19 10.45
10 0.00 0.00 0.00 0.00 12.72 11.74
11 4.76 8.67 2.00 5.60 12.72 12.46
12 7.12 7.83 13.79 10.81 4.89 8.63
13 19.08 18.73 10.63 12.10 10.50 11.30
14 12.05 12.01 14.77 14.01 20.60 18.68
15 9.65 6.89 18.46 17.57 27.49 20.37
16 16.10 15.92 19.57 20.33 19.53 2491

Table 5. Raw Dynamic Tensile Data
DP600 Impact Energy (J) DP980 Impact Energy (J) M1300 Impact Energy (J)
Trial | Replicate 1 | Replicate 2 | Replicate 1 | Replicate 2 | Replicate 1 | Replicate 2
1 1.55 3.84 48.1 45.0 25.5 45.0
2 1.25 0.00 0.69 0.72 0.09 9.58
3 41.9 49.2 0.00 0.00 11.9 0.48
4 32.7 40.3 9.13 5.59 11.3 10.7
5 100 143.6 97.0 73.9 78.4 86.7
6 224.5 299 83.0 96.3 90.9 83.2
7 11.7 11.8 34.1 38.4 30.3 56.0
8 52.3 48.6 15.9 24.1 38.3 53.1
9 0.06 67.7 0.03 0.57 8.26 16.6
10 0.00 0.00 0.00 0.00 18.2 16.0
11 0.19 0.48 0.12 0.00 13.2 1.74
12 23.6 33.2 32.9 49.7 9.22 0.55
13 128.3 113.9 4.70 23.7 22.4 45.3
14 62.0 92.5 50.7 65.7 31.1 55.0
15 150.6 61.8 47.9 33.8 23.8 26.3
16 86.0 67.1 51.2 42.0 68.2 58.0
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Table 6.

Normalization Functions and Related Correlation Coefficients for Each of
the Response Factors Examined in this Study

Response Factor

Normalization Function

Correlation Factor (%)

DP600 Static Tensile None 97.7
DP980 Static Tensile None 99.3
DP1300 Static Tensile None 97.5
DP600 Dynamic Tensile X(600Dt) = sinh(600Dt-165/75) 98
DP980 Dynamic Tensile None 96
DP1300 Dynamic Tensile X(1300Dt) = sinh(1300Dt-160/75) 99

Table 7. Regression Analysis Results for the DP600 Peak Load
Regression Equation:
Pk Load-600 = 2428 - 216 TempTime + 848 BS - 321 EFD + 332 AngularMis
+ 391 QT*TT + 198 QT*BS - 220 QT*EFD - 524 EFD*Edge + 146 TT*Edge
+ 270 TT*EFD + 108 QuenchTime - 100 QT*Edge + 96 EdgeWeld
Predictor Coef SE Coef T P
Constant 2428 75.01 32.37 0.000
TempTime -216 75.01 -2.87 0.010
BS 848 75.01 11.31 0.000
EFD -321 75.01 -4.28 0.000
AngularM 332 75.01 4.43 0.000
QT*TT 391 75.01 5.21 0.000
QT*BS 198 75.01 2.64 0.017
QT*EFD -220 75.01 -2.93 0.009
EFD*Edge -524 75.01 -6.98 0.000
TT*Edge 146 75.01 1.94 0.068
TT*EFD 270 75.01 3.61 0.002
QuenchTi 108 75.01 1.44 0.166
QT*Edge -100 75.01 -1.34 0.198
EdgeWeld 96 75.01 1.29 0.215
S=424.3 | R-Sqg = 94.1% | R-Sg(adj) = 89.9%
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Table 8. Regression Analysis Results for the DP980 Peak Load

Regression Equation:
Pk Load-980 = 3092 + 151 QuenchTime + 1194 BS - 502 EFD - 291 AngularMis +
254 EdgeWeld + 270 Fitup + 344 QT*TT - 325 QT*Edge - 203 TT*Edge + 357
TT*EFD - 120 AA*EDGE
Predictor Coef SE Coef T P
Constant 3092 78.46 39.41 0.000
QuenchTi 151 78.46 1.92 0.069
BS 1194 78.46 15.22 0.000
EFD -502 78.46 -6.40 0.000
AngularM -291 78.46 -3.70 0.001
EdgeWeld 254 78.46 3.23 0.004
Fitup 270 78.46 3.44 0.003
QT*TT 344 78.46 4.38 0.000
QT*Edge -325 78.46 -4.15 0.000
TT*Edge -203 78.46 -2.59 0.018
TT*EFD 357 78.46 4.55 0.000
AA*EDGE -120 78.46 -1.54 0.140
S=443.8 R-Sq = 95.0% R-Sq(ad)) = 92.2%
Table 9. Regression Analysis Results for the M1300 Peak Load
Regression Equation:
Pk Load-1300_1 = 3788 + 1081 BS - 427 EFD + 317 EdgeWeld - 164 QT*TT + 261
QT*BS + 241 EFD*Edge + 361 TT*EFD
Predictor Coef SE Coef T P
Constant 3788 109.7 34.52 0.000
BS 1081 109.7 9.85 0.000
EFD -427 109.7 -3.90 0.001
EdgeWeld 317 109.7 2.88 0.008
QT*TT -164 109.7 -1.49 0.149
QT*BS 261 109.7 2.38 0.026
EFD*Edge 241 109.7 2.19 0.038
TT*EFD 361 109.7 3.29 0.003
S =620.7 R-Sq =85.7% R-Sq(adj) = 81.6%

ELLi 24




Table 10. Regression Analysis Results for the DP600 Impact Energy (Analysis is
based on normalized data transformed using the equation given in Table 6.)

Regression Equation:
X_600_Impact =-5.08 + 2.32 BS + 1.23 EdgeWeld - 0.681 Fitup - 0.427 QT*EFD - 1.35
EFD*Edge + 0.429 QT*TT - 0.288 TempTime + 0.368 QT*BS - 0.347 AngularMis
Predictor Coef SE Coef T P
Constant -5.08 0.2389 -21.25 0.000
BS 2.32 0.2389 9.70 0.000
EdgeWeld 1.23 0.2389 5.15 0.000
Fitup -0.681 0.2389 -2.85 0.010
QT*EFD -0.427 0.2389 -1.79 0.089
EFD*Edge -1.35 0.2389 -5.65 0.000
QT*TT 0.429 0.2389 1.79 0.087
TempTime -0.288 0.2389 -1.21 0.241
QT*BS 0.368 0.2389 154 0.139
AngularM -0.347 0.2389 -1.45 0.161
S=1.322 R-Sq = 88.4% R-Sq(adj) = 83.4%

Table 11. Regression Analysis Results for the DP980 Impact Energy

Regression Equation:

980 _Impact = 30.4 + 2.53 QuenchTime - 6.43 TempTime + 18.4 BS - 5.29 EFD
- 9.60 AngularMis + 3.33 EdgeWeld + 2.27 QT*TT + 2.19 QT*BS + 8.84
AA*Edge - 6.55 EFD*Edge - 3.64 TT*Edge + 13.4 BS*Edge

Predictor Coef SE Coef T P
Constant 30.4 1.443 21.10 0.000
QuenchTi 2.53 1.443 1.75 0.096
TempTime -6.43 1.443 -4.46 0.000
BS 18.4 1.443 12.79 0.000
EFD -5.29 1.443 -3.67 0.002
AngularM -9.60 1.443 -6.65 0.000
EdgeWeld 3.33 1.443 231 0.033
QT*TT 2.27 1.443 1.57 0.133
QT*BS 2.19 1.443 1.52 0.146
AA*Edge 8.84 1.443 6.13 0.000
EFD*Edge -6.55 1.443 -4.54 0.000
TT*Edge -3.64 1.443 -2.52 0.021
BS*Edge 134 1.443 9.30 0.000

S =7.955 R-Sq = 95.8% R-Sq(adj) = 93.0%
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Table 12. Regression Analysis Results for the M1300 Impact Energy (Analysis is

based on normalized data transformed using the equation given in Table 6.)

Regression Equation:
X _1300=-1.92 + 1.91 BS - 0.509 EFD + 0.439 EdgeWeld + 0.405 QT*BS + 0.347
QT*EFD + 0.008 EFD*Edge
Predictor Coef SE Coef T P
Constant -1.92 0.2528 -7.75 0.000
BS 191 0.2528 7.69 0.000
EFD -0.509 0.2528 -2.05 0.050
EdgeWeld 0.439 0.2528 1.77 0.088
QT*BS 0.405 0.2528 1.63 0.114
QT*EFD 0.347 0.2528 1.40 0.173
S =1.402 | R-Sqg = 73.2% | R-Sg(adj) = 68.1%
Table 13. Nugget and Button Measurements from Processed Static Tensile Coupons
DP600 DP980 M1300
Average Average Average Average Average Average
Nugget Dia. Button Nugget Button Nugget Button
Run (mm) Dia. (mm) | Dia.(mm) | Dia.(mm) | Dia.(mm) | Dia. (mm)
1 4.63 3.40 4.66
2 4.76 4.50 4.87
3 5.63 3.82 4.45
4 4.80 4.55 4.90
5 6.36 6.30 6.10
6 6.8 6.34 7.04
7 6.0 3.73 5.13 6.24
8 7.5 6.44 6.72
9 3.80 4.49 3.91
10 N/A N/A 4.38
11 5.19 6.11 5.06
12 4.33 4.66 3.23
13 9.70 4.26 7.02
14 6.80 4.00 4.63 7.47
15 7.01 5.95 6.86
16 6.15 5.63 5.99
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Table 14. Nugget and Button Measurements from Processed Dynamic Tensile
Coupons
DP600 DP980 M1300
Average Average Average Average Average Average
Nugget Button Nugget Button Nugget Button
Run Dia. (mm) Dia. (mm) | Dia. (mm) | Dia.(mm) | Dia. (mm) | Dia. (mm)
1 6.015 4.66 5.595
2 5.2 5.335 6.415
3 5.64 4.535 4.89
4 5.105 4.71 5.15
5 8.01 6.625 5.72
6 6 8.445 7.185
7 6.415 6.25 6.85
8 6.82 5.035 7.3
9 7.945 5.05 5.045
10 N/A 4.53
11 5.255 3.75 4.95
12 4.78 4.99 4.715
13 8.065 4.75 7.25
14 6.71 6.43 6.63
15 6.705 7.89 8
16 6.685 5.825 6.475
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Figure 1. Process Robustness Plot Showing the Effects of Process Conditions on

DP600 Static Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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Figure 2. Process Robustness Plot Showing the Effects of Process Conditions on

DP980 Static Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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Figure 3. Process Robustness Plot Showing the Effects of Process Conditions on

M1300 Static Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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Figure 4. Process Robustness Plot Showing the Effects of Process Conditions on

DP600 Dynamic Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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Figure 5. Process Robustness Plot Showing the Effects of Process Conditions on

DP980 Dynamic Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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Figure 6. Process Robustness Plot Showing the Effects of Process Conditions on

M1300 Dynamic Tensile Shear Results (The plot is anchored on a set of base
conditions that include 40-cycle quench time, 4-cycle temper time, 6vt button
size, 8-mm electrode diameter, perpendicular angular alignment, a center weld
location, and good fitup.)
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