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The heat-affected zone hardness of laser beam welds in carbon-manganese steels 
can be predicted using a mathematical model, which expedites 

welding procedure development 
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ABSTRACT. Diagrams are presented 
which illustrate the ranges of process 
variables that can be used to produce ac- 
ceptable laser welds in carbon man- 
ganese steels. The most practical type 
uses axes of beam power and welding 
speed. An empirical operating window is 
displayed, which describes the limits of 
full joint penetration welding for a par- 
ticular steel and plate thickness. Theoret- 
ical contours of heat-affected zone (HAZ) 
hardness, established using analytical 
models, are also displayed on the dia- 
gram. Appropriate combinations of laser 
beam power and welding speed can thus 
be selected. A more comprehensive dia- 
gram uses axes of carbon equivalent and 
absorbed laser beam energy, on which 
theoretical HAZ hardness contours are 
displayed. The effects of changes in steel 
composition and welding variables on 
HAZ hardness can thus be assessed. 
Model results agree well with experi- 
mental data, as well as more sophisti- 
cated predictive methods. The diagrams 
provide guidance on the selection of 
steel composition and beam parameters 
during the initial stages in the develop- 
ment of procedures for laser welding of 
carbon manganese steels. 

Introduction 

Laser beam welding is now an estab- 
lished joining technique in many sectors 
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of industry, and is under evaluation in 
others. Body panels, transmission com- 
ponents and chassis members are laser 
welded on automobile production lines. 
The shipbuilding industry has a particu- 
lar interest in the use of laser welding for 
joining large steel plates, provided certi- 
fication by the classification societies is 
forthcoming. Developments in process 
automation and on-line adaptive control 
will allow a wider range of industries to 
take advantage of the productivity, qual- 
ity, flexibility and manufacturing oppor- 
tunities provided by laser welding. 

Welding procedures, which describe 
the process parameters required to make 
a weld to a given standard, are available 
for arc fusion welding of a wide range of 
materials and joint types. In contrast, pro- 
cedures for laser welding have only been 
developed for a limited number of spe- 
cific applications. The data required in 
procedure development must be estab- 
lished by experimental testing, a lengthy 
and expensive process, hindered by the 
complex interactions which occur be- 
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tween the numerous process variables. 
Procedure development could be expe- 
dited if an initial sifting of candidate ma- 
terials and welding parameters could be 
made with the aid of predictive tech- 
niques. In order to have the widest range 
of application, these should have a basis 
in the physics of the laser welding 
process. 

Deep penetration laser welding in- 
volves: the formation and maintenance 
of a vapor cavity (a keyhole) generated by 
the action of a focused beam; energy 
transfer in the vapor, liquid and solid 
states; and phase transformations, which 
ultimately determine the mechanical 
properties of the welded joint. Analytical 
(Refs. 1-8) and numerical (Refs. 9-13) so- 
lutions for the temperature field around a 
moving penetrating heat source have 
been derived, and used to predict suc- 
cessfully the geometry of the weld bead 
and heat-affected zone (HAZ). Empirical 
and model-based methods of predicting 
HAZ microstructure and hardness in 
steels have been developed for arc weld- 
ing (Refs. 14-19) but their application to 
laser welding has still to be verified. In 
one investigation, a line source tempera- 
ture field model was combined with the 
hardness model of Ref. 15, and encour- 
aging simulations of the properties of 
laser beam welds in 10 mm (0.4 in.) 
BS4360 50D steel plate were obtained 
(Ref. 20). A sound understanding of the 
effects of variations in process variables 
on the weld hardness produced provides 
a basis for subsequent development of 
predictive techniques for mechanical 
properties. 

The complexity of numerical models 
may require the use of powerful comput- 
ers and lengthy execution times. In this 
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Table 1 - -  Chemical Compositions of the Steels Investigated (wt-%) 

Steel C Si Mn P S Cr Ni Mo V Ti Cu AI Co Ceq* 
Fe37B 0.100 0.206 0.752 0.022 0.006 0.026 0.042 0.004 0.010 0 .001  0.088 0.049 0.024 0.171 
Fe52D 0.135 0.205 0.733 0.027 0.018 0.027 0.018 0 .001  0.024 0.002 0.016 0.037 0.012 0.205 
HSD 0.090 0.330 1.600 0 .011  0 . 0 0 1  0.060 0.040 0.020 0.014 0.010 0.15 0.034 - -  0.237 
HSE 0.120 0.369 1.227 0.023 0.004 0.095 0.077 0.010 0.032 0.001 0.21 0.033 0.013 0.238 

* (eq  (wl %) - %C + %Mn/12 + %5i/24 

work, simpl i f ied analyt ical models of 
heat f low and phase transformations are 
developed, and applied to laser welding 
of carbon manganese steels. Explicit re- 
lationships between HAZ properties and 
the principal process variables are ob- 
tained, and used to construct diagrams 
which show HAZ data for a range of car- 
bon manganese steels, plate thicknesses 
and welding parameters. The diagrams 
provide guidance during procedure 
qualif ication testing of laser welds. 

Experimental  

Materials 

Four carbon manganese construc- 
tional steels were used in the experimen- 
tal trials, delivered as plates of thickness 
8 mm (0.31 in.), with initial microstruc- 
tures comprising ferrite and pearlite. 
Fe37B (A573-81, Grade 65) and Fe52D 
(A572-81, Grade 50) are basic carbon 
manganese structural steels, the latter 
having a higher carbon content and ten- 
sile strength. Two high-strength, thermo- 
mechanical ly  processed steels, desig- 
nated HSD and HSE, were also welded 
for comparison. Their chemical compo- 
sitions, obtained by direct reading opti- 
cal emission spectrometry, are given in 
Table 1. Samples with dimensions 350 x 
150 mm (13.8 x 5.9 in.) were cut for ex- 
perimental trials, and machined from 
one side, where necessary, to give a 
range of plate thickness between 4 and 8 
mm (0.16 and 0.31 in.). 

Laser and Beam Delivery 

A Rofin Sinar RS6000 CO 2 laser was 
used for welding. The design comprises 
fast axial gas flow, radio frequency exci- 
tation and a stable optical cavity. The pa- 
rameters of the emitted beam were as fol- 
lows: 10.6 lam wavelength, TEM20 mode, 
50 mm (2 in.) nominal diameter at the fo- 
cusing optic, 500-6000 W power range, 
linear polarization. The beam was di- 
rected to the workpiece via tubes and flat 
gold-coated, water-cooled turning mir- 
rors, with a path length of 10 m (32.8 ft). 
The beam power at the workpiece was 
calibrated to the laser power display 

using a Lasercraft P10K calorimeter and 
an exposure time of 10 s. Values of power 
quoted refer to those measured at the 
workpiece. The beam was focused to a 
spot diameter of 0.3 mm (0.01 in.) using 
a molybdenum-coated, water-cooled pa- 
raboloidal copper mirror of focal length 
150 mm (5.9 in.). The beam was oriented 
perpendicular to the workpiece surface, 
and the focal plane positioned coinci- 
dent with the workpiece surface. 

Welding Procedure 

The majority of the welding trials in- 
volved the production of melt runs of 
length 150 mm (5.9 in.), made transverse 
to the plate roll ing direction in the flat po- 
sition, by traversing the beam over the 
stationary, clamped workpiece using a 
CN-controlled workstation. In this way 
potential inconsistencies resulting from 
variations in joint fitup and surface cont- 
aminat ion were el iminated. The tech- 
nique provides a good simulation of the 
parameters required for a close-fitt ing 
square-groove butt joint. Welding was 
performed at room temperature. A num- 
ber of butt joint welds were included in 
the experimental program for compari- 
son with the melt run results. 

The plane of beam polarization was 
oriented 45 deg to the welding direction. 
Power levels in the range 2-6 kW, and 
traverse rates in the range 0.4-4.0 m/min 
(16-160 in./min) were used. Helium gas 
was used to shield the weld bead from 
oxidation, and to suppress plasma for- 
mation during weld ing at low speeds. 
Shielding gas was delivered coaxia l ly  
with the beam through a nozzle of inter- 
nal diameter 4 mm (0.16 in.). Plasma 
suppression gas was delivered through a 
nozzle of internal diameter 3 mm (0.12 
in.); the f low being oriented 45 deg to the 
workpiece, aligned against the welding 
direction, and directed at a position 1 
mm ahead of the beam-material interac- 
tion point. Gas f low rates of 21 and 13 
L/min were used for shielding and 
plasma suppression, respectively, and 
were measured using calibrated f low me- 

ters. An operating window of laser power 
and welding speed giving full joint pen- 
etration welds (a weldabi l i ty lobe), was 
thus established for each steel and plate 
thickness. 

Weld Assessment 

Welds were sectioned transverse to 
the welding direction, ground, polished 
and etched in a 3% nital solution. The 
weld bead and HAZ were observed using 
optical microscopy. The HAZ was de- 
fined as the region bounded by the fusion 
line and the isotherm corresponding to 
the Acl temperature (the boundary be- 
tween transformed and untransformed 
pearlite). The width of the HAZ was mea- 
sured using a traveling microscope. Mea- 
surements were made on each side of the 
HAZ, at positions corresponding to 25, 
50 and 75% of the plate thickness. The 
hardness of the coarse-grained HAZ ad- 
jacent to the weld interface was estab- 
lished in the same locations, using a dia- 
mond indenter with a load of 1 kg (2.2 
Ib). A number of transverse hardness pro- 
files were made using a load of 300 g (0.7 
Ib), which indicated that the maximum 
hardness in the HAZ occurred adjacent 
to the fusion line. 

Mathemat ica l  M o d e l i n g  

Material Properties 

A set of physical properties, deter- 
mined empirically at 60% of the melting 
temperature (Ref. 21), was used to de- 
scribe the carbon manganese steels - -  
Table 2. Empirical relationships were 
used to calculate the temperature at 
which pearlite transforms to austenite on 
heating, TA1 , (Ref. 22), and the melting 
temperature, T m (Ref. 23): 

TA1 (K) = 996 - 1 0.7Mn - 
16.9Ni + 29.1Si + 16.9 Cr + 
290As + 6.38W (1) 

T m(K)= 1 8 1 0 - 9 0 C  (2) 

Element symbols refer to nominal steel 
composition in wt-%. The compositions 
of all the steels were wel l  w i th in  the 
ranges of validity of the above equations. 
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The fraction of incident power ab- 
sorbed during welding, A, has a signifi- 
cant effect on the thermal cycles experi- 
enced in the weld and the subsequent 
weld properties. However, its value is 
generally not known accurately prior to 
welding,  since it depends on poor ly 
known factors such as the efficiency of 
plasma suppression, the amount of beam 
transmission through the keyhole, and 
the beam polarization. A has therefore 
been determined empir ical ly  for each 
weld, in the manner described below, 
and used in the calculation of the energy 
absorbed in the weld. 

The Temperature F i e l d  i n  t h e  W e l d  

The keyhole is modeled as a rapidly 
moving, through-thickness l ine heat 
source, wh ich  approximates wel l  the 
keyhole geometry in full joint penetra- 
tion laser welding. The temperature, T, at 
a point in the HAZ increases rapidly from 
the initial value, To, to a peak, Tp, then 

decreases with a rate which can be char- 
acterized by the cool ing time between 
800 ° and 500°C, At. The fol lowing ana- 
lytical expressions can be derived for 
temperature profiles in the HAZ (Refs. 6 
and 15), based on the thin plate analysis 
of Rosenthal (Ref. 1 ). 

T - T o = Aq/(vd) • (4xkpct) -1/2 • 

e x p -  [r2/(4at)] (3) 

Tp - T o = Aq/(vd) • 

[2/(xe)] 1/2. (2pcr)-I (4) 

At = [Aq/(vd)] 2 . (4~2~pc) -1 • 

[1/(773-To)2-1/(1073 - To)2]. (5) 

T O is the initial (or preheat) temperature, 

q is the incident beam power (W), A is the 
fraction of incident energy absorbed by 
the workpiece, v is the traverse rate (m/s), 
d is the plate thickness (m), ~. is the ther- 
mal conductivity (W/m/K), p is the den- 

sity (kg/m3), c is the heat capacity (J/kg/K), 
t is the time (s), r is the lateral distance 
from the heat source (m), a is the thermal 
diffusivity (k/pc, m2/s), and e is the base 
of natural logarithms (2.718). 

Table 2 - -  Physical Properties of the Steels Investigated 

Steel 

Property Fe37B Fe52D HSD HSE Reference 

Density (kg/m 3) 7860 7860 7860 7860 Ref. 23 
Thermal Conductivity (W/m/K) 30 30 30 30 Ref. 21 
Specific Heat Capacity (J/kg/K) 680 680 680 680 Ref. 21 
Ad Temperature (K) 994 994 989 994 Ref. 22 
Melting Temperature (K) 1801 1798 1802 1799 Ref. 23 

Width of the HAZ 

The HAZ width is a measure of the en- 
ergy absorbed dur ing weld ing,  and 
hence the HAZ cooling rate. Equation 4 
can be rearranged and evaluated using 
the isotherm positions r m and rA1 corre- 

sponding to the peak temperatures T m 

and TAI, respectively, to give the width of 

the HAZ 

rA1 -- r m = Aq/(vd) • [2/(/~e) 1/2 • 

(2pc) -1 • [1/(T M - To)-I/(T m-To)] (6) 

Note that Equation 6 describes the sepa- 
ration of the Tm, and TA1 isotherms. The 
absolute positions of both isotherms are 
influenced by the effects of poorly known 
factors such as weld pool convection. 
However, this formulat ion el iminates 
such variations. 

Fraction of Incident Energy 
Absorbed by the Weld 

By rearranging Equation 6, A can be 
calculated, based on the width of the 
HAZ and the process parameters 

A = (rA1 - r m) • (vd/q) . ( / ' i ;e /2)  I /2  • 

(2pc) • [1/(T M - To)-I/(T m -To)]-I (7) 

A is then used to calculate the energy ab- 
sorbed by the weld. 

Metallurgy of the Weld HAZ 

Metallurgical changes in the HAZ are 
determined by the steel composition and 
the welding parameters. In the model de- 
scribed below a single composi t ion 
index has been used to characterize both 
the hardenabil ity of the coarse-grained 

HAZ, and the hardness of individual mi- 
crostructural phases. Data from an ex- 
tensive fundamental study into welding 
of structural steels by Inagaki and 
Sekiguchi (Ref. 24) have been used to 
calibrate the model. These data, which 
are obtained from steels of similar com- 
position to those investigated here, are 
relevant to the austenitizing temperature 
of the coarse-grained HAZ of laser beam 
welds. The compositional limits wi th in 
which the data were obtained are given 
in Table 3. 

Phase Transformations in the HAZ 

Various empirical formulas have been 
proposed to express the effect of al loying 
elements, relative to that of carbon, on 
the hardenability, cold cracking suscep- 
t ibi l i ty,  or mechanical properties of a 
welded steel (Ref. 25). They differ in the 
range of composition and cool ing rate 
over which they were established. A sim- 
ple formula is adopted here, which char- 
acterizes microstructural transformation 
in the coarse-grained HAZ of carbon 
manganese steels (Ref. 24): 

Ceq = C + Mn/1 2 + Si/24 (8) 

Element symbols refer to nominal steel 
composition in wt-%. 

The products of austenite transforma- 
tion on cooling are determined by the in- 
tersection of the cooling curve with the 
various phase boundaries in the relevant 
CCT (continuous cooling transformation) 
diagram. Characteristic cooling times be- 
tween 800 ° and 500°C can be defined, 
wh ich  result in HAZ microstructures 
containing: 100% martensite (Atml°°); 
50% martensite (Atm5°); 0% martensite 

o 0 o (Atm °) 0 Yo ferrite (Atf); 0 ff~ pearlite (Atp0); 
50% bainite (Atb 50) and 0% bainite (Atb0). 
Figure 1 is a map wh ich  illustrates 

Table 3 1 Compositional Limits of Validity for Hardness Model (wt-%) 

C Si Mn P 

min max min max min max min max 

0.1 0.18 0.01 0.53 0.41 1.40 0.008 0.029 

S Cr Ni Cu 

min max 

0.007 0.043 

min max min max min max 

0.02 0.07 0.02 0.06 0.06 0.21 
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Table 4 - -  Selection of Experimental Data 

Plate 
Thickness 

mm 

Welding Parameters 

Applied 
Power Speed Energy, 

kW m/min J/mm 2 

0.6 63 
2.5 1.4 27 

HAZ Width mm HAZ Hardness HV1 Absorptivity % 

Fe37B Fe52D HSD HSE Fe37B Fe52D HSD HSE Fe37B Fe52D HSD HSE 

1.36 1.60 1.45 1.75 234 248 363 339 60 72 62 76 
0.67 0.85 0.71 0.77 340 348 413 407 69 89 71 78 

4.0 2.1 27 0.55 0.80 0.55 0.64 328 368 378 413 57 84 55 65 
3.8 2.4 23 0.56 0.64 0.49 0.60 283 413 395 413 67 76 56 70 

0.4 94 2.05 2.60 2.00 2.75 210 210 283 293 61 78 57 80 
3.8 0.6 63 1.96 1.75 1.40 1.60 222 245 339 334 87 78 60 70 

0.8 47 1.54 1.20 0.90 1.30 214 269 373 378 91 72 52 76 

6.0 1.1 47 1.12 0.95 0.90 1.15 212 286 363 358 66 57 52 67 
5.0 1.4 36 1.00 0.80 0.90 1.07 242 325 368 413 78 63 68 82 

0.5 75 2.24 1.95 1.70 2.05 218 242 321 293 83 73 61 74 
8.0 5.0 0.6 63 1.75 1.73 0.95 1.55 215 237 325 321 78 77 41 68 

schematical ly the vo lume fractions of 
microstructural  constituents that form 
with different cool ing times, effectively 
summariz ing the CCT diagram. As the 
cool ing t ime increases, the volume frac- 
t ion of martensite progressively de- 
creases, being replaced with increasing 
amounts of bainite, and subsequently, 
ferrite and pearlite. The positions of the 
various characteristic cool ing times men- 
tioned above are indicated. 

The locations of the phase boundaries 
shown in Fig. I depend on the material 
composit ion, and move to longer times 
as the content of austenite stabil izing el- 

ements increases. Atm 50 and AtbS° clearly 

play a significant role in determining the 
HAZ microstructure which develops and 
form the basis of the model below. By an- 
alyzing the data of Ref. 24, the fo l lowing 

empir ical relationships between critical 
coo l ing t imes and composi t ion,  ex- 
pressed as the carbon equivalent,  Ceq 

Equation 8, were obtained 

AtmS° = exp (17.724Ceq - 2.926) (9) 

Atb50 = exp (In(Atb° .Atr°)/2) (1 0) 

where Atb ° = exp (1 6.929Ceq + 

1.453) (11) 

and Atf ° = exp (19.954 Ceq - 

3.944) (12) 

Phase transformations are modeled in the 
manner described by Ion, etal .  (Ref. 15), 
to give the fo l lowing equations for the 

1.0 ~ =- 0 ~ 

0.8- \  A,o 
\ _ . .  ~ .  P Ferrite 

\ Bainite \ \  

o . 6 -  5 0 \  . 

__ . Ate- '  t A ,o ,  t  ar'ens'te \ / 
o \ \  ea.ite 

\ A, ° \ A, ° 
0.0 '.._4m "...= b 

Cool ing  T ime 800-500 ° C , N  (s) 

Fig. 1 - -  Schematic microstructure-cooling time diagram showing critical cooling times for phase 
transfomTations. 

volume fractions of martensite, Vm, bai- 

nite, V b, and ferrite/pearlite, Vfp present 

in the coarse-grained HAZ, in terms of 
the critical cooling times defined above 

V m = exp {In(0.5)-(At/AtmS°) 2} (1 3) 

V b = exp {In(0.5).(At/AtbS°) 2} 

- V m (14) 

Vfp =I - (V m + V b) (1 5) 

Heat-Affected Zone Hardness 

The max imum HAZ hardness has 
been modeled here. Although hardness 
is not a unique measure of weld quality 
in steels, it is often used as a basis for 
weld assessment, and appears in many 
weldabi l i ty  criteria. The fo l lowing em- 
pir ical relationships between Ceq , and 
the hardness of martensite, H m, bainite, 
Hb, and a ferrite/pearl i te mixture, Hfp, 
have been obtained by analyzing the 
data of Ref. 24. 

H m = 295 + 515Ceq (16) 

H b = 223 + 147Ceq (1 7) 

Hfp = 140 + 139Ceq (18) 

The maximum HAZ hardness, Hmax, is 

determined by summing the contr ibu- 
tions from the individual phases using a 
simple rule of mixtures: 

Hma x =VmH m +VbH b + VfpHfp (19) 

Results 

Experimental data from more than 80 
laser welds have been used to assess the 
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validity of the model. Only data from 
fully penetrating welds have been con- 
sidered, since the heat flow geometry of 
partial penetration welds may be differ- 
ent from that assumed in the model. A se- 
lection of results is given in Table 4, in 
order that data can be compared and 
trends established. 

H A Z  W i d t h  and  A b s o r p t i v i t y  

Average values of HAZ width, calcu- 
lated from the six measurements made 
on each weld, are presented in Table 4. 
The expected increase in HAZ width 
with an increase in applied energy, i.e., 
an increase in beam power or a decrease 
in traverse rate, is observed for all the 
steels. No systematic variations in the 
HAZ width of welds made in different 
steels using identical parameters were 
observed. The scatter in these measure- 
ments was of the order _+15% about the 
mean value, which may result from vari- 
ations in absorbed energy along the 
length of the weld. 

A systematic variation in the fraction 
of incident power absorbed by the work- 
piece, (the absorptivity, A), with the 
welding speed is apparent for many of 
the welds listed in Table 4. The increase, 
typically from approximately 50% at a 
low welding speed to above 80% at 
speeds approaching the limit of full pen- 
etration, is considered to have two ori- 
gins. Firstly, the shielding effect of the 
plasma appears to decrease with an in- 
crease in welding speed, allowing a 
larger fraction of the beam power to 
reach the workpiece. Secondly, as the 
welding speed approaches that corre- 
sponding to the limit of full penetration, 
it is likely that the base of the keyhole 
narrows, eventually closing, resulting in 
a reduction in the fraction of beam power 
transmitted through the workpiece. 

The absorptivity established has been 
used to calculate the energy absorbed by 
the weld per unit length and plate thick- 
ness, Aq/(vd) (J/m2). Equations 4 and 5 in- 
dicate that the absorbed energy is a prin- 
cipal factor in determining both the 
width of the HAZ, as well as its cooling 
rate and subsequent hardness, and has 
therefore been used in the analysis 
below. 

M a x i m u m  H A Z  Hardness  

The maximum values of the six HAZ 
hardness measurements obtained adja- 
cent to the weld interface of each weld 
are given in Table 4. The expected in- 
crease in hardness with a decrease in ap- 
plied energy and an increase in the car- 
bon equivalent of the steel is observed. In 
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Fig. 2 - -  Maximum HAZ hardness plotted against absorbed energy for laser welding of  the steel 
Fe37B. Experimental data, and the predictions of  both the present model and more sophisticated 
models (Refs. 14-16), are shown. 

Figs. 2-5 the maximum HAZ hardness is 
plotted against absorbed energy, Aq/(vd), 
for each of the steels. The cooling time, 
At, calculated from absorbed energy 
using Equation 5, is shown on the upper 
abscissa. Theoretical results obtained 

using the present hardness model are 
shown, together with hardness predic- 
tions obtained from three other pub- 
lished models (Refs. 14-16). Experimen- 
tal measurements of maximum HAZ 
hardness are included, plotted according 

500 ........ 

400 

300 
t -  
"O 

"1- 

200 

100 
0 

At (S) 
0.1 0.5 1 2 3 4 5 6 7 8 

! ] i ~ ] [ ! 

Model 
- -  Ion 

~ _ .  Terasaki 
~ . . . . . .  Yurioka 

Fe52D 

I i i 

1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  

Absorbed Energy (J/mm 2) 

Fig. 3 - -  Maximum HAZ hardness plotted against absorbed energy for laser beam weldint¢ ot the 
steel Fe52D. Experimental data, and the predictions of both the present model and more sophis- 
ticated models (Refs. 14 16), are shown. 
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Fig. 4 - -  Maximum HAZ hardness plotted against absorbed energy for laser welding of  the steel 
HSD. Experimental data, and the predictions of  both the present model and more sophisticated 
models (Refs. 14-16), are shown. 

to the absorbed energy. The observed 
variation in hardness corresponds to mi- 
crostructures spanning fully martensitic 
to 100% ferrite/pearlite. The range of ab- 
sorbed energy is typical of that used in 
laser welding of plate thicknesses be- 
tween 4 and 8 mm (0.16 and 0.31 in.). 

P r o c e s s  D i a g r a m s  

Laser P o w e r  - W e l d i n g  Speed 

Figure 6 shows an example of a prac- 
tical version of a diagram which includes 
laser welding data for 6 mm (0.24 in.) 
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Fig. 5 - -  Maximum HAZ hardness plotted against absorbed energy for laser beam welding of  the 
steel HSE. Experimental data, and the predictions of  both the present model and more sophisti- 
cated models (Refs. 14-16), are shown. 

Fe52D. The axes of the diagram are the 
welding parameters normally varied in 
practice: incident laser power and weld- 
ing speed. The weldability lobe for full 
penetration with the particular welding 
setup used is obtained from empirical 
data. The contours of constant hardness 
are constructed using the present model, 
assuming an average value for absorptiv- 
ity of 70% in order to convert incident 
power to absorbed power. Experimental 
data are plotted and labeled with maxi- 
mum hardness values. The theoretical 
contours are seen to overestimate maxi- 
mum HAZ hardness slightly. The diagram 
allows practical welding parameters to 
be selected for a given steel, plate thick- 
ness and laser welding setup, based on 
criteria of full penetration and a maxi- 
mum permitted HAZ hardness. Similar 
diagrams can be constructed readily for 
other steels and plate thicknesses using 
the PC-based model. 

Steel C o m p o s i t i o n  - W e l d i n g  Paramete rs  

By using a single carbon equivalent to 
characterize hardenability and phase 
hardness, the index may be used as the 
axis of a diagram which summarizes full 
penetration welding data for a range of 
carbon manganese steels and welding 
parameters. Figure 7 shows such a dia- 
gram with axes of carbon equivalent and 
absorbed energy, with an upper abscissa 
of cooling time. The contours of constant 
hardness are constructed using the 
model described. The experimental data 
listed in Table 4 are included, labeled 
with values of maximum hardness. The 
theoretical contours can be seen to over- 
estimate maximum hardness slightly, and 
may be used to select steel composition 
and welding parameters in order to avoid 
exceeding a maximum HAZ hardness of, 
e.g., 350 HV. This type of presentation 
provides an overview of the effects of 
variations in composition and welding 
parameters on hardness, for a range of 
steels within a given class. 

D i s c u s s i o n  

P r e d i c t i o n  o f  H A Z  H a r d n e s s  

C o n v e n t i o n a l  Steels 

Figures 2 and 3 show that the present 
model predicts maximum HAZ hardness 
in Fe37B and Fe52D to within approxi- 
mately 10% of values obtained using the 
more sophisticated models (Refs. 14-16), 
over the complete range of HAZ mi- 
crostructure. Since the carbon equivalent 
used in the present model is based only 
on the concentrations of carbon, man- 
ganese and silicon, and the concentra- 
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tions of other hardening elements are low 
in these steels, the model is able to de- 
scribe hardenability and phase hardness 
equally as well as the more sophisticated 
models. 

Experimental data are seen to fall 
somewhat below the predicted curves, 
the difference being particularly notice- 
able in welds of mixed HAZ microstruc- 
ture. It is believed that the origin of this 
discrepancy is the effect of grain growth 
on hardenability in the HAZ adjacent to 
the fusion line. The data of Inagaki and 
Sekiguchi (Ref. 24) were obtained under 
austenitisation conditions typical of con- 
ventional arc welding, for which the en- 
ergy input can be an order of magnitude 
larger than laser welding. Significant 
grain growth would therefore be ex- 
pected, thus increasing hardenability 
and the maximum hardness obtained, in 
comparison with the more rapid thermal 
cycles of laser welds. The effect of 
austenite grain size on hardenability may 
be taken into account using the method 
described by Ion, et al. (Ref. 15). It is not 
included here since a simple model able 
to provide a liberal predi(tion of maxi- 
mum HAZ hardness was sought. 

Thermomechanically Processed Steels 

Discrepancies between the predic- 
tions of the present model and those of 
the more sophisticated models (Refs. 
14-16) are of the order of 20% in the 
cases of the thermomechanically 
processed steels HSD and HSE - -  Figs. 4, 
5. The more sophisticated models make 
use of carbon equivalents which take 
into account the effects of alloying ele- 
ments other than carbon, manganese and 
silicon on hardenability and phase hard- 
ness. They are thus able to allow for the 
presence of elements such as chromium, 
molybdenum and nickel which are pre- 
sent in significant amounts in these 
steels. However, the present model is 
again seen to provide a liberal estimate 
of maximum HAZ hardness over the 
range of energy input typical of laser 
welding in these steels. 

Practical Use of the Diagrams 

Figures 6 and 7 are constructed using 
axes which have a basis in heat flow the- 
ory and metallurgy, and which are also 
familiar to welding engineers. They can 
be constructed using a desktop personal 
computer in less than one minute. The di- 
agrams are therefore suitable for use in 
both practical laser welding situations 
and for educational purposes. They pro- 
vide a graphical representation of the ef- 
fects of variations in process variables on 
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HAZ properhes, and can be used to ex- 
pedite the development of laser welding 
procedures, by eliminating potentially 
unsuitable combinations at an early 
stage. However, the final selection must 
be validated using experimental testing. 

Conclusions 

The following conclusions may be 
drawn from the results of the investigation: 

1) The model described provides lib- 
eral predictions of the maximum HAZ 
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hardness of laser beam welds, in both the 
low-al loy carbon-manganese steels, and 
the thermomechanically processed steels 
investigated. 

2) The expl ici t  nature of the model 
provides a graphical framework in which 
to present model predictions as well as 
experimental data. The practical pro- 
cessing diagram al lows the effects of 
changes in beam power and weld ing 
speed on weld properties to be displayed 
for a given steel, plate thickness and 
welding setup. The overview diagram, 
constructed using physically based vari- 
able groups, summarizes a large amount 
of processing data. 

3) The diagrams provide guidance at 
the initial stage of procedure qualifica- 
tion testing of laser welds. Their analyti- 
cal, explicit nature is also suitable for on- 
l ine adaptive control systems, and 
educational purposes. 

4) The techniques described can be 
sophisticated to take into account the ef- 
fects of grain growth and further alloying 
additions, and may be applied to similar 
deep penetration joining processes such 
as electron beam welding. 
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