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ABSTRACT. Weld strength, formability, 
and impact resistance for joints on auto
motive steels are dependent on the under
lying microstructure. A martensitic weld 
area is often a precursor to reduced me
chanical performance. In this paper, ef
forts are made to predict underlying joint 
microstructures for a range of processing 
approaches, steel types, and gauges. This 
was done first by calculating cooling rates 
for some typical automotive processes [re
sistance spot welding (RSW), resistance 
mash seam welding (RMSEW), laser 
beam welding (LBW), and gas metal arc 
welding (GMAW)]. Then, critical cooling 
rates for martensite formation were calcu
lated for a range of automotive steels 
using available thermodynamically based 
phase transformation models. These were 
then used to define combinations of 
process type, steel type, and gauge where 
welds could be formed avoiding marten-
site in the weld area microstructure. 

Introduction 

Manufacturability, fuel economy, per
formance, and styling all continue to be 
major considerations in the design of next-
generation vehicles. A major considera
tion in these improvements is material se
lection. To achieve these results in the 
body-in-white structure, automakers are 
increasingly turning to alternate materi
als. Materials under consideration include 
plastics, aluminum, and advanced high-
strength steels (AHSS) (Ref. 1). In recent 
years, considerable interest has been 
placed on the use of Al sheet (Refs. 2, 3). 
However, material cost considerations 
have created renewed interest in the use of 
steels for advanced body construction 
(Ref. 4). Steels available today range from 
the highly formable interstitial-free (IF) 
grades to the range of AHSS materials. In
terstitial-free grades of steel contain very 
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low carbon contents, typically less than 
0.010%. These materials offer both high R 
values (indicating resistance to sheet thin
ning during forming) and tensile ductili
ties in excess of 50%. Such materials have 
enabled complex forming operations, as 
well as reductions in forming-related 
scrap. Advanced high-strength steels are 
now available with tensile strengths rang
ing from 300 to 1500 MPa (Refs. 5, 6). 
Such steels employ a range of hardening 
mechanisms. The lower end of these 
strength ranges is typically solid-solution 
strengthened, particularly with phospho
rus additions. Intermediate grades are 
generally made up of dual-phase (DP) 
steels, employing a fine grain structure 
and mixture of fcrrite and martensite 
phases. More recent variants on such 
steels include the transformation-induced 
plasticity (TRIP) and complex-phase (CP) 
steels. The former uses a mixture of ferrite 
and austenite in the microstructure, while 
the CP grades employ mixtures of ferrite, 
bainite, and martensite. These steels 
largely offer improvements in vehicle 
weight through gauge reduction. Cur
rently, body skin panels are on the order 
of 0.8 mm. Gauge reductions down to 0.6 
mm are being considered for AHSS skins. 
In addition to direct replacement of skin 
panels, selectively placed AHSS offer po
tential for improved impact and fatigue 
performance, offering additional poten
tial for vehicle weight reductions. 

Efforts to implement these steels have, 
however, been accompanied by welding-
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related problems. Since the body-in-white 
is largely assembled by RSW, most prob
lems have been associated with that join
ing approach. Recent work has related 
many of these welding problems to the for
mation of martensites in the weld nugget 
(Refs. 7, 8). Martensite, particularly with 
increasing carbon contents, results in weld 
zones with hardness levels sufficient to fail 
in a brittle manner on loading. Similar ob
servations have been made when LBW 
these higher-strength grades of steel 
(Refs. 9, 10). The hardness achieved in 
these steels is directly associated with the 
cooling rates implicit in these processes. 
Cooling rates for many automotive weld
ing methods are difficult to measure, 
largely related to the high processing 
speeds implied by these technologies (Ref. 
11). These cooling rates have, however, 
been estimated by a range of modeling 
techniques. These include both closed 
form (Refs. 12-14) and numerical ap
proaches (Refs. 15-17). These analyses 
have shown that such automotive 
processes can achieve cooling rates on the 
order of 105 °C/s. Assessment of mi
crostructural changes at these cooling 
rates is difficult, particularly because ac
complishing such cooling rates outside the 
processes themselves is difficult to nearly 
impossible. Recently, however, efforts to 
model austenite decomposition have of
fered new tools in predicting weld mi
crostructures at these cooling rates. These 
approaches are both thermodynamically 
(Ref. 18) and phenomenologically (Ref. 
19) based, and are capable of predicting 
continuous cooling transformation (CCT) 
diagrams for both a wide range of steels 
and cooling rates. 

In this research, efforts have been 
made to predict cooling rates for a range 
of steel gauges welded with a number of 
automotive welding processes. These 
processes include RSW, RMSEW, LBW, 
and GMAW. Cooling rates are calculated 
using a range of closed-form solutions 
available in the literature for a range of 
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Fig. 1 — CCT diagram for a representative DP 600 steel based on the Fig. 2 — CCT/TTTdiagram for a representative DP 600 steel based on the, 
model developed by Li (kef 18). developed by Bhadeshia (Ref 19). 
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Fig. 3 — Cooling rates as a function of gauge for the 
RSW, RMSEW, LBW, and GMAW processes. [Also 
included are critical cooling rates for a number of au
tomotive-type sheet steels. These critical cooling rates 
are presented as a range. The top of the range is taken 
from the model of Li (Ref. 18) and the bottom of the 
range is taken from Bhadeshia (Ref. 19). J 

gauges of automotive interest. These re
sults are then compared to critical cooling 
rates (for a martensite formation) for a 
number of new-generation automotive 
sheet steels. The comparison is then used 
to predict combinations of materials, 
gauges, and processes that might be prob
lematic in automotive manufacture. Some 
microstructural evidence is also presented 
supporting the modeling results. 

Table 1 — Definition 
Microstructure 

AT 
n 
Q 
F (Composition, G) 
F 

of Terms for Predicting 

Ferritc Formation 
Ae3-T 
3 
27,500 
F , -, /70.4IG 1 ferritc'-
[exp(1.00 + 6.31C 
+ 1.78Mn+0.31Si 
+ 1.12Ni + 2.70Cr 
+ 4.06Mo)] 

the Fractions of Constitutent Phases in the Final 

Pearlite Formation 
Ae r T 
3 
27,500 
p ,. /70.32G r pearlite/ *• 
[exp(-4.25 + 4.12C 
+ 4.36Mn +0.44Si 
+ 1.71Ni + 3.33Cr 
+ 5.19VMo)] 

Bainite Formation 
Bs-T 
2 
27.500 
p u . . /70.29G 1 baiuitc'-
[exp(-10.23 + 10.18C 
+ 0.85Mn + 0.55Ni 
+ 0.90Cr + 0.36Mo)] 

Analytical Models for Predicting 
Cooling Rates 

Cooling rates during RSW have been 
calculated (Ref. 14) based on the following 
assumptions: 

1. Heat flow during RSW is essentially 
one dimensional, from the workpiece into 
the electrodes. 

2. The peak temperature distribution in 
the resistance spot weld can be described 
by a sine wave half period, with the peak at 
the center between the electrodes. 

3. The welding electrodes are essentially 
straight sided. 

Based on these observations, cooling 
rates during RSW can be estimated by the 
following equation: 

dt 4&X-" 

' o' 

1 + 
I ks ) 

Ax 

AXr- 2Av 

where 0 is the temperature, t is time, a is 
the thermal diffusivity, Ar and AxE are the 
sheet and electrode face thicknesses, re
spectively, Qp is the peak temperature in the 
spot weld, kE and ks are the thermal con
ductivities of the electrode material (Cu) 
and steel, respectively, and x is the position 
through the spot weld. 

Similar equations can be obtained for 
the continuous processes (RMSEW, LBW, 
GMAW) based on the Rosenthal equations 
(Ref. 12). For automotive applications, the 
2D approaches are the most appropriate. 
The basic equation, as modified by Adams 
(Ref. 13) to predict peak cooling rates, is as 
follows: 

90 

dt 

2KI<: rAv 

{ Q 
0 - 0 , C-) 

where v is the travel speed, Q is the power 
input, and 0„ original base metal tempera
ture. Q for the LBW and GMAW processes 
can be calculated directly, and inserted into 
the equation. This equation has also been 
modified to estimate cooling rates during 
RMSEW (Ref. 20). In this case, the power 
input is estimated from the applied current 
and geometry of the lap. The resulting 
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Fig. 4 — Macrostntctwv and hardness profile of a resistance spot weld on 0.8-mm IF (0.007% C. 0.14% Mn) steel. A — Macrostrueture. hardness profile trace 
is shown as a dark line; B — hardness profile. 

Fig. 5 — Macrostrueture and hardness profile of a resistance mash seam weld on 0.8-mm AKDQ (0.03% C, 0.3% Mn) steel. A — Macrostrueture. hardness 
profile trace is shown as a dark line; B — hardness profile. 

equation is 

90 _ 27i*; 

3; a f l" 

( e - 0 o ) 3 (3) 

where p is the resistivity of steel, / is the 
welding current, A is the effective wheel 
contact area, / is the length of wheel contact, 
and y0 is the original overlap of the two 
sheets. These equations are now to be used 
to estimate cooling rates as a function of 
gauge for the range of welding technologies 
used in automotive manufacture today. 

Prediction of Critical Cooling 
Rates for Martensite Formation 

The critical cooling rates can be deter
mined from CCT diagrams. As mentioned 

previously, mathematical models have 
been developed to define these CCT dia
grams. These models generally consist of 
a thermodynamics portion, which deter
mines the equilibrium temperatures, and 
an austenite decomposition reaction ki
netics portion, which predicts the resul
tant microstructure. Two such models 
have been developed by Li (Ref. 18) and 
Bhadeshia (Ref. 19). 

In the model developed by Li (Ref. 18), 
thermodynamic calculations are used to 
determine Ae3 and Acl temperatures. In 
addition, the thermodynamic conditions 
for the three-phase, a + y + cementite, 
cqulibria are also computed. The equa
tions defining the transformation temper
atures Ae3 and Aej are given in Table 1. 

A reaction kinetics model can then be 
used to predict CCT diagrams. The reac
tion kinetics model (Ref. 18) is described 
by the following equations. 

t(*,r). FtComposition,G) 

AT"exp(-Q/RT) 
S(X) (4) 

where x(X,T) is the isothermal time taken 
to reach X amount of transformation at T 
temperature. AT is the undercooling, n is 
an empirical constant, Q is the activation 
energy. F is a function of steel composi
tion, G is the prior austenite grain size in 
ASTM, and S(X) is explained by the fol
lowing equation. 

S(X) = j -
1 

-dX 

OX 0.4(1-A" J l-X 
OAX 

(5) 

Combining these equations and differen
tiating, we get the following: 

dX 
dt 

AT" e.xp(-QI RT)XttA<[~x>{\ - x\ 

F\ Composition, GI 

The individual terms of this equation are 
defined in Table 1. 
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Fig. 6 — Macrostructure and hardness profile of a resistance spot weld on 1.6-inm DP980 (0.15% C, 1.4% Mn) steel. A — Macrostructure, hardness profile 
trace is shown as a dark line; B — hardness profile. 
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Fig. 7 — Macrostructure and hardness profile of a resistance mash seam weld between 0.8-mm DP980 andAKDQ steel. 

The preceding equations can then be 
used to calculate the fractions of con
stituent phases as a function of time and 
temperature. This provides the basis for 
the appropriate CCT diagram. An exam
ple of a resulting predicted CCT/TTT di
agram for a DP 600 steel is given in Fig. 1. 

In the approach by Bhadeshia (Ref. 
19). a thermodynamic method has been 
used to allow the prediction of phase 
transformation from the chemical com
position of the steel concerned. In this 
case, the TTT diagram has been treated 
as composed of two overlapping C-curves. 
One C-curvc represents the diffusional 
polygonal ferrite, the displacive Wid-
manstattcn ferrite and pcarlite transfor
mations, and the other C-curve repre
sents the bainite reactions. The correct 
prediction of the C-curves is based on es
timating the shift in these curves as a func
tion of alloying elements. 

The time period before the detectable 
amount of a phase is formed at an isother

mal temperature is used to detect this 
shift. This time period is dependent on the 
nucleation of the phase. The incubation 
period of a phase, t, is defined in terms of 
time taken to establish a steady-state nu
cleation rate. 

(7) 

AF,', D 

where Tis the absolute temperature, AF1',,, 
is the maximum volume free energy 
change accompanying the formulation of 
a nucleus in a large amount of matrix 
phase, P is a constant, and D is an effective 
diffusion coefficient defined as 

D <x exp (s
y 

— 
K 

exp ' °\ 
HI 

(8) 

where 5 is the activation entropy for diffu
sion, Q is the activation enthalpy for dif
fusion, and R is the gas constant. 

Substituting Equation 8 in Equation 7, 

In 
AF,„\''T 

o 
RT 

(9) 

where AFm is AF„, for 1 mol and Cj is a 
constant. 

Optimum values of p and Q are ob
tained by substituting experimental values 
of T, AF„,, and x, and varying/) until the 
equation balances. 

Bhadeshia (Ref. 19) noticed that the 
graph of ln[(AFm)Px/T] against 1/RT ex
hibited systemic curvature and did not 
have the strict linear form applied by 
Equation 9. This is attributed to the fact 
that activation enthalpy and entropy are 
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temperature dependent. So Equation 9 
was modified to the following form. Table 2 — Compositions and Critical Cooling Rates (for Martensite Formation) for the Steels of 

Interest in this Study 

AF£t 

RT 
+ CA (10) 

Steel of Interest 

where z, Q\ and C4 are constants. 
This equation predicted better results. 

The correlation coefficients of Equation 
10 were also better than that of Equation 
9. The resulting CCT diagrams were used 
by Babu (Ref. 21) for predictions of mi-
crostructures in resistance spot welds, and 
can also be accessed online at the ORNL 
Web site (Ref. 22). A representative 
CCT/TTT curve based on this approach is 
presented in Fig. 2. 

Comparisons of Process Cooling 
Rates and Critical Cooling Rates 
for Martensite Formation 

The equations described above have 
been used here to calculate cooling rates 
over a range of automotive-related steel 
gauges. Welding parameters (e.g., power 
inputs, welding speeds) have been taken 
from available reference texts (Refs. 
23-26). The resulting cooling rates, as a 
function of gauge, are shown collectively 
in Fig. 3. Of the processes, RSW shows the 
highest cooling rates. These rates range 
from over 100,000°C/s for gauges less than 
0.5 mm, to roughly 2()00°C/s at a 2.0-mm 
gauge. Of note, RSW is the only process 
examined here showing such a gauge ef
fect. Cooling rates for LBW are somewhat 
less, ranging from 200° to 5000°C/s, de
pending on the specific parameters used. 
The scatter in the cooling rates here is an 
artifact of the recommended practices 
from the reference text (Ref. 25). Cooling 
rates for GMAW and RMSEW arc simi
lar, ranging from 20° to 300°C/s, again de
pending on the specific parameters used. 

Critical cooling rates to achieve marten
site formation for a range of automotive 
steels were taken from CCT diagrams de
termined using the two computational ap
proaches described previously. Input to 
these models included the specific chem
istry and grain size of each steel. 
Chemistries for the representative steels 
are given in Table 2. The resulting CCT 
curves were used to estimate the specific 
cooling rate(s) distinguishing 100% 
martensite formation. The characteristic 
cooling rates for each of these steels (using 
the respective models) are also provided in 
Table 2. It is first of note that depending on 
steel composition and the phase transfor
mation model used, critical cooling rates 
range from 101 to 104 °C/s. In particular, it 
is noted that the model by Li (Ref. 18) pre
dicts critical cooling rates 2 to 7 times that 

Composition/ 
CoolingRate 
(%) 

C 
Mn 
Si 

Cr 
Mn 
Al 
V 
Ti 
Crit. Cooling 
Rate (°C/s) 
based on Li('8 

Crit. Cooling 
Rate (°C/s) 
based on 
Bhadeshia<|l,> 

IF 

0.007 
0.15 
— 
— 
— 

0.03 
— 

0.05 
13,500 

2000 

AKDQ 

0.06 
0.3 
— 
— 
— 

0.03 
— 
— 

5000 

1000 

DP 600 

0.08 
1.76 
0.01 
0.19 
0.18 
0.05 

0 
0 

120 

40 

DP 780 

0.1 
2.33 
0.23 
0.03 
0.02 
0.04 
0.06 

0 
70 

18 

DP 980 

0.15 
1.38 
0.29 
0.03 

0 
0.04 

0 
0.01 
225 

75 

M 1400 

0.19 
0.47 
0.02 
— 
— 

0.03 
— 
— 
800 

320 

TRIP 600 

0.09 
1.45 
1.47 
0.05 
0.1 
0.03 
11.01 
0.01 
315 

140 

TRIP 800 

0.21 
1.7 
1.66 
0.03 

0 
0.04 

0 
0.01 
90 

45 

for similar steels by Bhadeshia (Ref. 19). In 
addition, the gap tends to widen for the 
leanest alloyed steels [IF and aluminum-
killed drawing quality (AKDQ)]. The mod
els do, however, bracket the regimes of crit
ical cooling rates for each of the respective 
grades of steels. 

These ranges of critical cooling rates 
for martensite formation are superim
posed onto Fig. 3. These are shown as a se
ries of boxes labeled for each respective 
steel. The top of the box represents the 
cooling rate predicted by the Li model, 
(Ref. 18) and the bottom that for the 
Bhadeshia model (Ref. 19). In Fig. 3, the 
cooling rates above that indicated by these 
respective levels (for the steel of interest) 
result in martensitic welds, while those 
below will result in a mixture of austcnitic 
decomposition products. Effectively, 
processes with implied cooling rates above 
that indicated for the respective steel 
would contain predominantly martensite 
in the weld zone, and be susceptible to un
desirable modes of failure. Those 
processes showing less than the critical 
cooling rate (for the respective steel) will 
result in tougher microstructurcs and im
proved performance. 

From Fig. 3, it is clear that the critical 
cooling rates decrease with the increasing 
complexity of the steel (higher alloying 
content) and strength level. This is largely 
an artifact of the strengthening mecha
nisms employed in the higher-strength 
products. Higher-strength grades of steels 
generally employ larger volume fractions 
of second phases (bainite, martensite, 
austenite), typically accomplished by in
creases in austenite stabilizing additions. 
The most common of these arc carbon and 
Mn. although high compositions of Si are 
present in the TRIP steels. These chem
istry variations appear capable of sup

pressing the critical cooling rates to values 
near 10°-100°C/s, compared to the 
1000°-5000°C/s values reported here for 
the common mild steel grades used in au
tomotive production. 

Figure 3 suggests the IF, AKDQ (mild 
steel), and even the martensite 1400 
grades will decompose without marten
sitic transformation when joined with ei
ther the GMAW or RMSEW welding 
processes. The IF and AKDQ grades, al
ternately may or may not form martensite 
when joined with RSW or LBW, depend
ing on the processing conditions used. For 
these steels, however, carbon contents are 
sufficiently low that martensite in the joint 
is not a precursor to unacceptable modes 
of failure. 

Some examples of welds made on 0.8-
mm IF and AKDQ grades of steels (Ref. 9) 
are presented in Figs. 4 and 5. Figure 4 
shows a cross section of a resistance spot 
weld made on an IF grade of steel, as well 
as the associated hardness profile. The 
hardness profile is seen to progressively in
crease from the base metal to the center of 
the weld. Equation 1 suggests that cooling 
rates also will increase progressively from 
the electrode contact surface to the work-
piece faying surface. This, in effect, shows 
that for this weld, cooling rate and hardness 
are related. This relationship suggests a lack 
of athermal martensite. With athermal 
martensite, hardness would be independent 
of cooling rate from an austenitic mi-
crostructure. Rather, the hardness varia
tions observed are related to the scale of the 
microstructure and evolving constituent 
phases. This suggests that the IF steel 
welded here has a critical cooling rate for 
martensite formation greater than that pro
vided by resistance welding. These results 
arc more consistent with the model of Li 
than Bhadeshia. A microstructure and 
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hardness profile of a RMSEW made be
tween two pieces of A K D Q steel is shown 
in Fig. 5. The hardness profile for this weld 
peaks at the centerline, and is characteristic 
of the slower cooling rates inherent in this 
process. 

Figure 3 suggests that the AHSS will all 
easily t ransform to mar tens i te during 
RSW and for most LBW. In these cases, 
carbon levels are now sufficient such that 
the formed mar tens i te can experience 
bri t t le fracture (Refs. 7, 8). For o ther 
welding processes ( G M A W and 
R M S E W ) , the welds may or may not 
transform to martensite, depending on the 
processing conditions used and the spe
cific chemistry of the steel. The most heav
ily alloyed steels (TRIP 800 and D P 780) 
do appear likely to form martensite in any 
of the automotive welding processes. 

Some examples of welds made with a 
DP 980 grade of steel (Ref. 27) are pre
sented in Figs. 6 and 7. Figure 6 shows a 
cross section and hardness profile for a re
sistance spot weld made on the 1.6-mm DP 
980. The hardness profile of the weld 
shows a typical "top hat" morphology. This 
shows that for resistance spot welds made 
on this metal , hardness (for regions ex
ceeding the austenization temperature) is 
largely independent of cooling rate, and 
consistent with athermal martensite for
mation. A similar cross section and hard
ness trace for a resistance mash seam weld 
made between 0.8-mm DP 980 and A K D Q 
steels are presented in Fig. 7. In this case, 
the DP 980 side of the joint shows the top 
hat hardness profile suggesting martensite 
formation. This again can be nominally 
predic ted from ei ther microstructrual 
model, depending on the weld processing 
employed. The A K D Q steel side of the 
weld shows hardness variat ions nearly 
identical to that described in Fig. 5. 

One particular feature of note is vari
ability in critical cooling rates for the differ
ent grades of AHSS, particularly that the 
DP 980 steel evaluated shows critical cool
ing rates higher than cither the DP 600 or 
780 grades. This variation in critical cooling 
rate largely is related to the relative carbon 
and Mn contents of the respective steels. 
Both are hardenability additions, and criti
cal to the processing required in order to 
achieve desired mechanical propert ies. 
However, lower carbon contents (reducing 
both hardenability and martensite hard
ness) in the DP 600 and 780 steels arc offset 
by substantially higher (nearly a factor of 2) 
Mn contents. This results in a higher hard
enability for these steels, even though the 
actual design strengths are reduced. It also 
raises concern that differing formulations 
from different steel suppliers may result in 
a broad range of critical cooling rates for 
steels of a given grade. This suggests the 
possibility that steels of a given grade can ac
tually vary in and out of conditions for form

ing martensite with a given process, result
ing in intermittent weld failures on a pro
duction floor. 

Conclusions 

In this work, closed-form solutions were 
used to calculate cooling rates for a range of 
automotive-related welding processes 
(RSW, R M S E W LBW, and GMAW) as a 
function of gauge. In addition, available mi-
crostructural models were used to predict 
critical cooling rates for a number of auto
motive-related sheet steel products. The re
sults were used to investigate combinations 
of processes, steel types, and gauge ranges, 
which could result in detrimental marten
site in the weld area. The results showed 
that highest cooling rates were associated 
with RSW, followed by LBW, and finally re
sistance seam welding (RSEW) and 
RMSEW. It was found that the IF and mild 
steels could form martensite during either 
RSW or LBW, but the martensite is of suf
ficiently low carbon levels to avoid undesir
able modes of failure on destructive testing. 
The AHSS generally showed potential for 
martensite formation with the RSW and 
LBW processes. Here, carbon levels are suf
ficient that the formed martensites can be 
detrimental to such failure modes during 
destructive testing. The AHSS also showed 
potential for martensite formation during 
RMSEW and GMAW. For these steels and 
processes, sufficient variation exists in both 
steel chemistry and implied cooling rates for 
these processes to show intermittent 
martensite formation and loss of perfor
mance. It was also noted that susceptibility 
of martensite formation was less dependent 
on the grade of the AHSS and more on the 
specific chemistry used to achieve the 
strength levels required for the grade. 
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