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A. ABSTRACT 
Solidification cracking is a weld defect common to certain susceptible alloys rendering many 

of them unweldable.  It forms and grows continuously behind a moving weld pool within the two-

phase mushy zone and involves a complex interaction between thermal, metallurgical and 

mechanical factors.  Research has demonstrated the ability to minimize solidification cracking 

occurrence by using appropriate welding parameters.  Despite decade’s long efforts to investigate 

weld solidification cracking, there remains a lack of understanding regarding the particular effect 

of travel speed.  While the use of the fastest welding speed is usually recommended, this rule has 

not always been confirmed on site.  Varying welding speed has many consequences both on stress 

cells surrounding the weld pool, grain structure, and mushy zone extent.  Experimental data and 

models are compiled to highlight the importance of welding speed on solidification cracking.  This 

review is partitioned into three parts: Part I focuses on the effects of welding speed on weld metal 

characteristics, Part II reviews the data of the literature to discuss the importance of selecting 

properly the metrics, and Part III details the different methods to model the effect of welding 

speed on solidification cracking occurrence.   

Keywords: solidification cracking; welding; welding speed; crack initiation; crack growth. 

B. NOMENCLATURE   
h Plate thickness 

s Travel speed 

t Time 

x Direction of heat source displacement 
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BTR Brittle Temperature Range 

CRW Controlled Restraint Weldability Test 

CSA Cross-Sectional Area 

CSZ Crack Susceptible Zone 

EBW Electron Beam Welding 

G Temperature gradient 

GTAW Gas Tungsten Arc Welding 

I Welding current 

LBW Laser Beam Welding 

LHC Linear Heat Content 

MVT Modified Varestraint-Transvarestraint Test 

P Welding power 

PVR Program VerformungRisstest 

R Solidification growth rate 

SCTR Solidification Cracking Temperature Range 

T Temperature  

TVT Transvarestraint Test 

U Welding voltage 

𝜀 Strain 

𝜀̇ Strain rate 

η Welding efficiency 

 

 

C. INTRODUCTION 
Solidification cracking is a commonly encountered defect during welding, especially in high-

sulfur steels, austenitic steels, and aluminum alloys.  Solidification cracks form due to a complex 

interplay of mechanical, thermal, and metallurgical factors.  Their formation is strongly 

dependent on both material composition and welding parameters.  To increase productivity, 

fabricators aim at reducing manufacturing time by increasing welding speed.  This commonly 

implies using laser and electron-beam welding processes that involve welding speeds (101-102 

mm.s-1) faster than commonly encountered in arc welding processes (100-101 mm.s-1).  However, 

while the use of fastest travel speeds in arc welding to avoid solidification cracking has been 

commonly accepted, it seems not to always apply for the faster speeds encountered during beam 

welding that can lead to numerous weld bead defects [1,2][3] including solidification cracking 

itself.  

Solidification cracking, described by Campbell as “an uniaxial tensile failure in weak materials” 

[4], appears at the solidification end inside a mushy zone that is subjected to tensile strains.  The 

microstructure forms in the solidification zone, referred to as the mushy zone, located at the rear 

of the melting zone and bordered by two isothermal surfaces corresponding to liquidus and 

solidus temperatures.  The semi-solid in the mushy zone has little ductility in the terminal stage 

of solidification, when the liquid fraction is no longer high enough for grains to move around and 
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rearrange in order to accommodate tensile strains.  When liquid feeding cannot adequately 

compensate solidification shrinkage and thermal contraction of the mushy zone, solidification 

cracking occurs along grain boundaries.  

Every step forward in understanding alloy behavior improves the ability to elucidate cracking 

mechanisms and predict alloy weldability.  Metrics used to quantify solidification cracking are 

numerous and depend on the weldability testing device.  Most popular metrics are crack length, 

solidification range, coherency and rigidity points, strain, strain rate, preload, and grain boundary 

feeding.  Data provided by weldability testing enables the selection of proper welding parameters 

leading to a reduction of solidification crack formation.  While the scientific community agrees on 

the effect of most welding parameters such as the negative effect of increasing current and 

applied welding tension [5], the effect of travel speed remains a contentious subject.  This may 

be due in part to the fact that, while current controls mainly the weld cross sectional area, travel 

speed affects both cross sectional area and weld pool shape. 

The welding speed effect on solidification crack formation has been studied [6–10], but 

contradictory results have been obtained.  Some works have observed an improvement in 

wedability when increasing travel speed because of a large compressive cell forming around the 

mushy zone for GTA welds at speeds in-between 2 and 13 mm∙s-1 [7,8].  However some simulation 

and experiments have shown an increase in cracking susceptibility with increasing travel speed 

for faster speeds: in-between 2 and 13 mm∙s-1 for GTA [9] and in-between 50 and 100 mm∙s-1 for 

laser [10] welds.  An issue is that travel speed controls both cross-section and elongation of weld 

pool (current controls only cross-section).  Therefore changing travel speed is experimentally 

done using two different methods: keeping welding parameters constant (i.e. constant welding 

power) or increase of current to maintain a constant weld shape.  It is noted that harmful effects 

of welding speed can be countered, in whole or in part, with the selection of a proper filler metal.  

In fact, selecting the correct filler metal leads to a weld metal composition that is little susceptible 

to solidification cracking, as proven in aluminum alloys [11–18] and stainless steels [19–23].   

Little research work has been reported in the literature on the relationship between travel 

speed and solidification cracking.  Scope exists for dealing with solidification cracking by selecting 

carefully, among other parameters, travel speed.  In general, the use of the highest practical 

welding speeds would be preferable since it produces the lowest crack susceptibility, even though 

a peak in cracking may possibly occur at intermediate welding speeds.  This is encouraging from 

an economic point of view.  The experimental data that highlight the effect of welding speed on 

solidification cracking susceptibility are reviewed and the selection of appropriate testing 

conditions and metrics discussed. 
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D. WELDABILITY DATA FROM LITERATURE 
Experimental data on the effect of travel speed on weldability are generated under unique 

conditions.  It is important to detail the experimental conditions and the metrics used and the 

associated conclusion on the beneficial or deleterious travel speed effect.  The examples provided 

here are numbered and classified through their welding conditions. 

 

I. Constant power Q 

Several experiments have been performed by investigating the effect of welding speed at 

constant welding current and thus constant welding power.  The aim is to change the only welding 

speed parameter on the process control and investigate the consequences. 

a. Example 1 

The Modified Varestraint Transvarestraint (MVT) test was used to investigate the solidification 

crack susceptibility of autogenous, partial-penetration GTA steel welds [24].   The chosen steels 

were DIN 17100-80-St-60-2 (0.2%C), DIN 17100-80-St-52-3 (0.2%C + 1.6%Mn), DIN 17155-83-

17Mn4 (0.8%C + 0.9%Mn), railway steel (0.06%C + 4.6%Mn), and 15 NiCrMo 10 6 (0.14%C + 

0.29%Mn + 2.48%Ni).  The crack index was the total crack length at 4% applied strain, the ram 

speed being fixed but with a value not specified.  The cracking susceptibility decreases as welding 

speed increases for a constant heat Q (Table 1).   

Table 1 conditions required for weld solidification crack formation measured using the MVT weldability test [24]. 

Alloy  
Current 

(A) 
Travel Speed 

(mm∙s-1) 
Weldability 

Test 

Crack Index 
Total crack length (mm) at 

4% applied strain 

DIN 17100-80-St-60-2 200 11 MVT 19.6 

DIN 17100-80-St-60-2 190 18 MVT 15.8 

DIN 17100-80-St-52-3 206 11 MVT 12.5 

DIN 17100-80-St-52-3 200 18 MVT 10.4 

DIN 17155-83-17Mn4 210 11 MVT 6.1 

DIN 17155-83-17Mn4 200 18 MVT 5.5 

Railway steel 187 11 MVT 21.4 

Railway steel 183 18 MVT 16.1 

15 NiCrMo 10 6 185 11 MVT 3.3 

15 NiCrMo 10 6 183 18 MVT 3.2 

 

b. Example 2 

The Transvarestraint test (TVT) was used to investigate solidification cracking susceptibility on 

SS41 steel, partial-penetration, GTA welds [25].  Using crack length indexes, the maximum crack 

length did not change with welding speed for a fixed current and voltage (Figure 1).  The 

independence of the Crack Susceptible Zone (CSZ) with welding speed for partial-penetration 
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welds is in agreement with theoretical calculations of the CSZ length for partial-penetration welds 

(see Part I of this review).  Subsequently crack length criteria were not capable in excessive 

applied strain conditions to investigate the effect of welding speed on cracking susceptibility.  

Care must be taken regarding the solidification cracking susceptibility as strains and strain rates 

applied in the mushy zone during TVT are far exceeding what is needed to initiate solidification 

cracking [26].   

 

Figure 1 Relationship between maximum crack length and welding speed in Transvarestraint tests for partial-
penetration GTA welds of autogenous SS41 steel [25]. 

c. Example 3 

The solidification cracking susceptibility of autogenous NiCr25FeAlY GTA welds was 

investigated using the PVR test [27]. The cracking index was the minimum longitudinal tensile 

speed above which cracking occurs [27].  By maintaining Q constant (12V and 180 A), increasing 

the welding speed (i.e. smaller 
𝑄

𝑠
 ratio) reduces the cracking susceptibility (Figure 2) [27].  Indeed 

the critical transverse speed increases from 20.8 to 51.8 mm∙min-1 when increasing travel speed 

from 1.8 to 3.7 mm∙s-1.    

 

Figure 2 Crack susceptibility of autogeneous NiCr25FeAlY GTA welds measured by PVR testing: (a) welding 
speed effect and (b) corresponding heat input [27]. 

d. Example 4 

The Variable Deformation Rate (VDR) cracking test was used to investigate the effect of 

welding speed on the solidification cracking susceptibility of GTA [28] and MIG aluminum welds 

[6].  An angular velocity wF is imposed and the minimum deformation rate to stop cracking is 

measured as the crack susceptibility index.  The heat input was constant with a voltage and 

current of 28 V and 280 A, respectively.  Experimental investigations show that, while increasing 

welding speed from 6.6 to 13.3 mm∙s-1 at constant power Q (i.e. 
𝑄

𝑠
 ratio reduced), the critical 

deformation rate to maintain crack growth increased from 0.3 to 0.5 mm∙s-1 (Figure 3) [6].  Care 

must be taken in conclusions as this test investigates the conditions to stop crack growth as the 
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other tests investigate conditions to initiate crack growth.  Indeed, once the crack forms, all the 

deformations are occurring in crack opening modifying crack-no crack local conditions.  Therefore 

crack stopping conditions are more severe than crack starting conditions because of strain 

partitioning specificities across the weld [29].    

 

Figure 3 Critical deformation rate measured by VDR testing to maintain crack growth in MIG 1100+1070 
aluminum welds [6] 

 

e. Example 5 

Others works have investigated the welding speed effect in laser welding of AA6056 base metal 

with AA4043 filler [10] and AA6052 base metal with AA4047 filler [30].  Welding parameters were 

1.6 mm thick, butt joint, full penetration, 3kW Nd:YAG.  Increasing welding speed s from 50 to 

100 mm∙s-1 at constant heat power Q resulted in an increase in solidification cracking 

susceptibility (Figure 4) [10,30].  This is opposite to previous experimental observations.  

Nevertheless, these results cannot be used to investigate only the welding speed effect as the 

filler dilution varied with welding speed.  Indeed, maintaining constant wire feeding rate while 

increasing welding speed leads to smaller filler dilution and higher susceptibility to cracking 

[31,32] and it has been indeed shown that weld metal silicon content varied for the different 

welding conditions [30].  Such metallurgy-speed interaction is also true for MIG and MAG welding 

processes, and therefore care must be taken in generalizing conclusions.   

 

Figure 4 Crack number evolution with welding speed at constant Q in laser weld of Al 6052 for different 
amounts of Al 4047 filler metal [30].  fv is filler velocity. 



7 
 

f. Example 6 

The welding speed effect on solidification cracking was investigated using the free-edge 

weldability test [33,34].  Autogeneous laser welds were performed on TRIP steels using 1100 W 

and varying speed from 9 to 12 mm∙s-1 (i.e. 
𝑄

𝑠
 ratio decreased when speed increased).  Faster 

welding speed was associated with a decrease in solidification cracking susceptibility (Figure 5) 

[33].  This drop in cracking has been associated with smaller thermal strains generated during 

welding at faster travel speeds (Figure 5b) [33].   

  

Figure 5 Measurements on autogenous laser beam welds of TRIP steels: (a) crack length as a function of 
welding speed and restraint conditions (distance from free edge); (b) thermal strain variation with 

welding speed [33]. 

 

g. Example 7 

Solidification cracking susceptibility was investigated in autogenous laser welds of Type 304 

stainless steels using the preloading tensile strain (PLTS) cracking test [22].  The base metal was a 

high-nitrogen stainless steel, nitrogen facilitating austenite formation.  Increasing the welding 

speed from 16 to 50 mm∙s-1 at constant Q increases the solidification cracking susceptibility for 

both conduction and keyhole mode [22].  This increase has been associated with a change from 

primary-ferritic to primary-austenitic solidification mode arising from a change in weld metal 

nitrogen content [22].  Nitrogen was indeed uniformly distributed in a thermal conduction-type 

weld metal whereas nitrogen content in a keyhole-type weld metal was less at the bead center 

than on the sides [22].         

 

II. Constant power-to-speed ratio 

Several experiments have been performed by investigating the effect of welding speed at 

constant power-to-speed 
𝑄

𝑠
 ratio.  The aim is to keep the heat input constant.    

a. Example 8 

Weldability of mild steel was investigated for autogenous GTA welds using a test similar to the 

free-edge test [9].  A crack-no crack index is used.  Increasing the welding speed from 8.3 to 12.8 

mm∙s-1 increases the solidification cracking tendency.  Care must be taken for conclusions as the 
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crack forms at the start of the weld (starting on the plate edge) and follows the torch and its is 

not clearly stated whether Q remains constant or not.   

a. Example 9 

The Sigmajig test [35] was used to investigate the solidification cracking susceptibility of the 

crack-sensitive 316 stainless steel welded with Gas Tungsten Arc (GTAW), Electron Beam (EBW), 

and Laser Beam (LBW) welding processes [36].  Faster travel speeds decreased solidification 

cracking susceptibility (Table 2 and Table 3) as plotted for GTA welds in Figure 6.  The effect of 

travel speed has been related to the smaller size of the molten pool and associated lower plastic 

strains promoted during cooling [36] in agreement with Chihoski’s work [37].   

Table 2 Percentage of weld length that cracked in Sigmajig weldability test at 207 MPa preload [36]. 

Alloy  
(Base metal + filler metal) 

Current 
(A) 

Travel Speed 
(mm∙s-1) 

Crack Index 
% crack at 207 MPa preload 

Autogeneous 316 SS 20 10.4 100 

Autogeneous 316 SS 20 20.7 0 

Autogeneous 316 SS 12 8.9 0 

Autogeneous 316 SS 28 20.7 100 

 

Table 3 Minimum preload required for weld solidification crack formation in Sigmajig weldability test [36]. 

Alloy  
(Base metal + filler metal) 

Process Parameters 
Travel Speed 

(mm∙s-1) 

Crack Index 
Minimum preload stress for 

cracking (MPa) 

Autogeneous 316 SS GTAW 28 A 20.7 48 

Autogeneous 316 SS GTAW 20 A 14.8 124 

Autogeneous 316 SS GTAW 16 A 14.8 214 

Autogeneous 316 SS GTAW 20 A 20.7 214 

Autogeneous 316 SS GTAW 12 A 8.9 259 

Autogeneous 316 SS EBW 1.0 mA 14.8 396 

Autogeneous 316 SS EBW 1.5 mA 29.6 379 

Autogeneous 316 SS EBW 2.0 mA 44.5 345 

Autogeneous 316 SS LBW 107 W 14.8 448 

Autogeneous 316 SS LBW 274 W 22.2 414 

Autogeneous 316 SS LBW 314 W 29.6 379 
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Figure 6 crack susceptibility of 316 SS GTA welds measured using Sigmajig test – Effect of (a) travel speed and 
(b) Q/s ratio [36]. 

b. Example 10 

The circular patch test was used to investigate the solidification cracking susceptibility of  

Incoloy A-286 autogeneous GTA welds [5]. The patch test is a popular test as marked effects on 

cracking susceptibility are produced by changing, among others, current (250 to 350 A) and 

welding speed (5 to 10 mm∙s-1) [5]. Increasing the welding speed s at constant heat Q (i.e. 
𝑄

𝑠
 ratio 

decreased) decreases the cracking susceptibility (horizontal displacement towards the left in 

Figure 7) possibly due to the associated smaller cross-sectional area [5].  Now, considering the 

simultaneous increase of Q and s while maintaining an overall 
𝑄

𝑠
 ratio constant, increasing s 

increases solidification crack susceptibility.  This work highlighted a correlation between 

increased cross-sectional area (CSA) and higher solidification cracking susceptibility.  A threshold 

CSA of 18.5 mm² has been found as a maximum not to exceed to avoid solidification cracking 

(Table 4) [5].   

 

Figure 7 Crack-no crack boundary conditions for A-286 autogeneous GTA welds performed in patch tests [5]. 

Table 4 conditions required for weld solidification crack formation of Autogeneous A-286 GTA welds measured by 

the Patch weldability test.  Voltage was constant at 10.5 V [5]. 

Current 
(A) 

Travel Speed 
(mm∙s-1) 

Crack Index 
Degree for crack initiation 

Cross-sectional 
area (mm²) 

250 5.1 218 to 245 14.8 to 15.8 

260 5.1 149 14.5 

275 5.1 113 to 162 16.4 to 17.9 

300 5.1 125 19.5 

240 6.4 265 13.7 

270 6.4 130 16.3 

280 6.4 135 16.5 

300 6.4 150 17.9 

320 6.4 75 to 119 18.3 to 20.2 

250 7.6 360 13.9 

260 7.6 360 13.3 

270 7.6 250 to 305 13.6 to 14.2 

275 7.6 219 to 231 13.9 to 15.1 

280 7.6 138 15.0 
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300 7.6 105 16.0 

325 7.6 54 18.4 

350 7.6 0 17.6 to 22.5 

290 8.9 360 13.4 

300 8.9 130 14.2 

310 8.9 33 14.7 

300 9.7 360 12.7 to 13.7 

310 9.7 124 14.3 

 

III. Constant weld size 

Several experiments have been performed by investigating the effect of welding speed at 

constant weld size that is adjusting current to maintain either a weld penetration or a weld width.  

a. Example 11 

 Butt welds were performed by Shielded Metal Arc (SMAW) and Gas Metal Arc (GMAW) 

welding on API-5L-X60 and X70 grades of line-pipes [38].  Current and travel speed varied over a 

wide range of values.  A simple crack-no crack index is used.  A crack-no crack boundary for welds 

is defined on a travel speed-carbon content map (Figure 8).  All grades and welding configurations 

show a threshold carbon content.  For compositions smaller than the threshold carbon content, 

an increase in welding speed increases the solidification crack susceptibility of SMA and GTA weld 

metals.  Travel speed variations do not affect solidification cracking susceptibility in weld metals 

containing high carbon contents.  

 

Figure 8 Critical conditions for solidification cracking in GMA welds of line-pipe steels for the root pass 
deposited in U-grooves [38]. 

b. Example 12 

The Sigmajig weldability test was applied to investigate the effect of welding speed on full-

penetration, autogenous GTA welds of a nickel-based superalloy similar in composition to IN-738 

[39].  Welding speed varied from 4.2 to 14.8 mm∙s-1 and current was adjusted from 32 to 75 A to 

maintain a constant weld size.  Crack index was the percentage of weld metal cracked with a 
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transverse preload of 172 MPa.  The results show that faster welding speeds increase 

solidification cracking susceptibility (Table 5) [39].   

Table 5 Table 2 Percentage of weld length that cracked in Sigmajig weldability test at 172 MPa preload for GTA 

welds of IN-738 alloy [39]. 

Voltage 
(V) 

Current 
(A) 

Travel Speed 
(mm∙s-1) 

Crack Index 
% of crack at 172 MPa preload 

9 32 4.2 50 

10 75 14.8 100 

 

c. Example 13 

Niel et al. [40] investigated the effect of current and welding speed on weldability of 

autogenous AA6061 GTA welds.  The weldability test consists in applying a longitudinal tensile 

stress on the bead-on-plate weld during welding.  Current and speed were adjusted to maintain 

full-penetration.  A constant longitudinal preload of 200 MPa is applied prior to welding and a 

crack-no crack boundary is determined in a current-speed map (Figure 9).  At constant heat Q, 

increasing the welding speed s reduces crack susceptibility.   

 

Figure 9 crack-no crack boundary condition in a current-speed map for autogenous AA6061 GTA welds [40]. 

   

d. Example 14 

Welding speed effect on weldability was investigated for laminated AA6061-T6 plates welded 

in full-penetration, keyhole mode, using a Yb-YAG laser in continuous wave mode [41].  Welding 

speed varied from 25 to 83 mm∙s-1 and power was adjusted from 4 to 8 kW, respectively, to 

maintain full-penetration and similar cross section [41].  Using the Controlled Restraint 

Weldability (CRW) test showed that increasing welding speed and simultaneously laser power 

reduces the solidification cracking susceptibility [41].  This is in agreement with arc weldability 

data [7,32] but in opposition with some laser weldability data [10,30].  This disagreement may 

possibly arise from the methodology as other works maintain constant laser power while varying 

welding speeds.  



12 
 

e. Example 15 

Welding speed effect was investigated in overlap, full-penetration laser welds of autogenous 

AlMgSi alloys [42].  Solidification cracking susceptibility was quantified by measuring with DIC the 

minimum local strain rate for cracking.  Weldability of these alloys was improved at high silicon 

and high titanium contents, associated with easy liquid feeding and refined grain structure, 

respectively.  Weldability was nevertheless also affected by the welding parameters.  Welding 

speed varied from 50 to 150 mm∙s-1 and laser power was adjusted from 3 to 6 kW to maintain 

full-penetration welds.  Smaller welding speeds enlarge the top width of weld pool because of 

high thermal losses transverse to the welding direction and therefore accompanied with larger 

grain structures due to smaller cooling rates.  Nevertheless the width of the centerline equiaxed 

zone was larger at slow welding speeds (Figure 10a).  This combination of more equiaxed grain 

boundaries leads to a better weldability at slow welding speed despite the fact that the welds 

were wider and microstructure coarser.  Increasing s and Q simultaneously increased the cracking 

susceptibility (Figure 10b).              

 (a)  (b)  

Figure 10 overlap, autogenous laser welds of AlMgSi Alloys.  Relationship between welding speed with (a) 
grain size and (b) critical strain rate for cracking [42]. 

f. Example 16 

Solidification cracking susceptibility of GTA low-alloy steel welds was investigated using the 

Varestraint and Huxley weldability tests [43].  Current was adjusted to maintain a constant weld 

width (corresponding approximately to 
𝑄3/2

𝑠
 or 𝐼 = 38 + 25𝑠 [43]).  There exists at faster speeds 

a competition between trailing edge elongation (i.e. hindering of liquid feeding and thus greater 

cracking susceptibility) and smaller tensile stresses surrounding the mushy zone (i.e. smaller 

susceptibility to cracking) [43].  This has led to the finding of a welding speed that corresponds to 

the peak of cracking.  Interestingly and in a controversial manner, there existed a welding speed 

of 5.1 mm∙s-1 where shrinkage on welding is minimum and thus should be a sign of minimum 

tensile stress [7].  

g. Example 17 

Different levels of known harmful (e.g. C, S, P) and beneficial (e.g. O) impurities in regards to 

solidification cracking were tested by using the Huxley test on low alloy steels [43][44].  Indeed, 

segregates of low melting temperatures may persist as grain-boundary films well below the 
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effective alloy solidus [45–47].  This was confirmed by post-mortem analysis that revealed 

enrichment in impurities at solidification crack surfaces [48].  Low levels of impurities limit the 

CSZ length [49] so that fast welding speeds are needed to extend the CSZ enough to get lack of 

liquid feeding and thus cracking [43]: if  
𝑄

𝑠
 decreases then cracking susceptibility increases (Figure 

11a).  In opposite, high level of impurities leads to extensive CSZ (difficult liquid feeding and thus 

easy cracking) and therefore the dominant effect is the shift of compressive cells to CSZ [43]: if 
𝑄

𝑠
 

decreases then cracking susceptibility decreases (Figure 11b). It must be noted that, even though 

C, S, P impurities deteriorate cracking resistance, eliminating all impurities such as sulfur leads to 

outward Marangoni flows and thus impede the weld penetration.  Changes in interfacial tension 

driven fluid flow affect the liquid feeding ability and can subsequently influence the solidification 

cracking susceptibility of a microstructure [50].   

(a)  (b)  

Figure 11 Huxley test results on GTA low alloy steel welds with C, S, and P impurities at (a) low and (b) high 
amounts [43]. 

 

E. PRACTICAL IMPLICATIONS  
 

The experimental data reviewed in this paper show that the conclusions of the harmful or 

beneficial effect of increasing travel speeds depend on the weld metal chemistry, the welding 

conditions (i.e. the choice of maintaining constant either Q, 
𝑄

𝑠
, or weld size), the welding 

process,and the parametrics.  These ambiguous conclusions are summarized in Table 6.  While 

the consequences in maintaining either Q or 
𝑄

𝑠
 constant have been discussed in Part I, the 

importance of the metrics is clearly highlighted from the experimental data. Indeed, quantitative 

assessment of cracking susceptibility is a debated subject and subsequently numerous metrics 

are proposed to quantify a susceptibility to cracking.      

   

Table 6 Summary of experimentally-measured travel speed effect on weld solidification cracking formation.   
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Base metal alloy  
(+ filler metal) 

Process 

𝑸

𝒔
  

constant 

Q 
constant 

Cross sectional 
area constant 

Weldability 
Test 

Crack susceptibility changes 
when increasing travel speed 

Metrics Ref. 

DIN 17100-80-St-60-2 
DIN 17100-80-St-52-3 
DIN 17155-83-17Mn4 

railway steel 
15 NiCrMo 10 6 

GTA No Yes No MVT Susceptibility reduced Crack length [24] 

SS41 GTA No Yes No TVT Susceptibility unchanged Crack length [25] 

316 SS GTA No Yes No 
Sigmajig 

Test 
Susceptibility reduced Crack length [36] 

Autogeneous 
NiCr25FeAlY 

GTA No Yes No PVR Test Susceptibility reduced 
longitudinal 

tensile speed 
[27] 

Autogeneous 
A-286 

GTA No Yes No Patch Test Susceptibility reduced Crack length [5] 

AA6061 GTA No Yes No 
Longitudina

l Preload 
Susceptibility reduced Crack length [40] 

AA1100 (+ AA1070) MIG No Yes No VDR test Susceptibility reduced 
minimum 

deformation rate 
[6] 

AA1100 GTA No Yes No VDR test Susceptibility reduced 
minimum 

deformation rate 
[6] 

AA6056(+AA4043) LBW No Yes No Butt welds Susceptibility increased Crack length [10] 

AA6052 (+AA4047) LBW No Yes No Butt welds Susceptibility increased Crack length [30] 

Autogeneous 
TRIP steel 

LBW No Yes No 
Free-edge 

Test 
Susceptibility reduced local strain rate [33,34] 

AA2024 EBW No Yes No - Susceptibility reduced Crack length [51] 

304 SS LBW No Yes No PLTS Susceptibility reduced Crack length [22] 

         

316 SS GTA Yes No No 
Sigmajig 

Test 
Susceptibility increased Preload [36] 

Autogeneous 
A-286 

GTA Yes No No Patch Test Susceptibility increased Crack length [5] 

Low alloy steel with 
small impurity levels 

GTA Yes No No Huxley Test Susceptibility increased Crack length [43] 

Low alloy steel with 
high impurity levels 

GTA Yes No No Huxley Test Susceptibility reduced Crack length [43] 

Low alloy steel with 
small impurity levels 

GTA Yes No No 
Varestraint 

test 
Susceptibility increased Crack length [43] 

         

API-5L-X60 
API-5L-X70 

SMA and 
GTA 

No No Yes Root weld Susceptibility increased Crack length [38] 

Ni-based superalloy GTA No No Yes 
Sigmajig 

Test 
Susceptibility increased Crack length [39] 

AA6061 GTA No No Yes 
Longitudina

l Preload 
Susceptibility increased Crack length [40] 

AA6061-T6 LBW No No Yes CRW Susceptibility reduced Crack length [41] 

Ti+Nb containing steel GTA No No Yes MVT Susceptibility reduced Crack length [52] 

AlMgSi alloys LBW No No Yes 
Overlap 

weld 
Susceptibility increased local strain rate [42] 

 

I. Local metrics  

Some metrics are local and characterize the solidification cracking susceptibility inherent to 

the mushy zone.  These metrics include solidification range and local strain.  They enable a 

quantification of the grain boundary feeding ability as this is one condition for solidification crack 

formation.  Indeed, a solidification crack forms for a lack in grain boundary liquid feeding which 

is related to long grain boundary channels (i.e. large solidification ranges) and inability to sustain 

large openings (i.e. small critical strain and strain rate).  
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The critical solidification range has been quantified in terms of BTR and SCTR indexes (Figure 

12).  These indexes are theoretically bound by the coherency and rigidity temperatures and not 

the solidus and liquidus temperatures.  This criterion is not always an accurate predictor, but the 

SCTR index has proven a useful representation of weldability.  The CSZ length, measured using 

the Varestraint test, increased with increasing travel speed, which is in agreement with the 

extended trailing edge at fast welding speeds [43].  Nevertheless, the Huxley cracking 

susceptibility and the CSZ measurement with Varestraint did not always correlate (Figure 11) [43], 

questioning the use of the CSZ value as a unique and representative index for cracking 

susceptibility.  The critical solidification range is therefore not a characteristic of the alloy alone.   

 

Figure 12 Two standpoints for relationship between BTR (equals to the ratio CSZ/s with s the welding 
speed) and SCTR cracking indexes highlighting the effect of welding speed [26]. 

Critical strains and strain rates are interesting measurements as some models suggest them to 

be the driving force of solidification crack formation for a given microstructure and solidification 

conditions [29,53].  These measurements are difficult to perform because they must be 

performed in-situ and near to the mushy zone.  This is important as the strains in the mushy zone 

can exceed, by several orders of magnitude, the overall applied strain [26].  Of particular interest 

are the digital image correlation (DIC) methods that enable the contactless measurements of 

strain fields behind the weld pool [54].  These measurements quantify the position of crack tip 

and the strain conditions to form a crack moreover to the thermal stress fields surrounding the 

weldment and their evolution with welding parameters [42,55,56].  These measurements are 

useful experimental data to implement both inherent condition for cracking and thermo-field 

change with welding speed into 3D Multiphysics modeling [57].   

 

II. Global metrics 

Global metrics measure the macroscopic conditions to induce solidification cracking.  As local 

metrics must be used to understand the microscopic mechanics, global metrics are necessary to 

understand the coupling between metallurgical modifications and thermal strain field 

involvement.  Moreover to the popular crack length indexes, preloading force [58] and restraint 

intensity [59] have been successful.  Crack length indexes have been nonetheless most popular.   
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Crack lengths are the most popular metrics and are useful for comparisons and rankings [60] 

but do not provide a fundamental characteristic of an alloy.  Moreover, which cracks are to be 

included in this metric is a debatable subject as intermittent cracks may not be considered [5] 

even though it has been demonstrated that an intermittent crack represents a condition for 

initiation, but not for propagation at a particular welding speed [29].  Because cracking depends 

on weldment geometry, the crack length metrics may be more comparable if using the ratio of 

crack lengths on cross-sectional areas [61].  Issues remain in comparing different alloys at the 

same heat input and manufacturing a testing device that leads to high repeatability of crack 

length indexes [26]. 

It is interesting to note that all these criteria characterize the susceptibility of a microstructure 

to form solidification cracking.  When considering the overall effect of travel speed on 

solidification cracking, none of these local criteria considers the change of thermal strain cells 

surrounding the mushy zone.  Only macroscopic criteria (restraint conditions and even the most 

popular “go versus no-go” indexes) are capable of quantifying the overall effect of travel speed.  

Many other metrics exist but their harmonization to enable their direct comparison and even lead 

to one single criterion is a contentious subject [62].   

III. Measuring cracking susceptibility 

Measuring crack length metrics or crack-no crack macro-conditions [15,43,59,62,63] will 

provide an overall point of view of the interaction between microstructure and process-induced 

thermo-mechanical fields.  However, if local measurements are applied [31,55,56,64], then 

thermal-induced strains are not accounted for and only the inherent susceptibility of a 

microstructure to cracking are evaluated.  Therefore, increasing welding speed may lead to a 

more susceptible microstructure (e.g. from local strain measurements) but simultaneously 

improve weldability because of a compressive stress field forming around the mushy zone.  

Therefore, local strain rate measurements such as MISO [56,65,66], extensometer [31,67], and 

DIC [55] estimate the only susceptibility change due to alloy differences. 

Measurements that uniquely define weldability are still debated and must be associated to 

standardized weldability testing procedures [68].  The CSZ measurement is particularly well suited 

to fast-applied stresses, such as the Varestraint and Transvarestraint tests.   Preloaded tests, such 

as the Sigmajig, Houldcroft, and CRW tests, measure conditions to arrest crack growth during 

welding.  Finally, tests varying conditions during welding until a solidification crack forms, such as 

the CTW test, estimate conditions to initiate solidification cracking.  Therefore, different tests 

measure different aspects of the solidification cracking phenomenon.  Which aspect is most 

important for welding speed study is a contentious subject.     
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F. CONCLUSIONS 
 

Several issues have been pointed out when investigating the effect of welding speed.  The first 

issue is the experimental welding conditions: should we maintain Q constant, Q/s constant, or 

the weld width constant? The second issue is dependence of the harmful-versus-beneficial 

response with the selected metrics.     

When considering crack length, it is usually a macroscopic stage of observations.  This means 

that the effect of travel speed is an overview of both microstructural and thermo-mechanical 

changes; especially it includes the variation in tensile and compressive cells (magnitude and 

position) along the trailing edge of the weld pool.  However, when considering local conditions 

for cracking (such as local strain and strain rate), then only the microstructural component is 

tested and thus an inherent property of the cracking susceptibility of the weld mushy zone is 

provided.   
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