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Abstract
The Varestraint test and its variant Transvarestraint are one of the most widely used techniques for evaluating a material 
solidification cracking sensitivity during welding. The result of such tests is a crack length which is proportional to the 
material’s cracking susceptibility. Nevertheless, the welding and load parameters can unintentionally influence the crack 
length, which in some cases can distort the material evaluation. An approach is described as to how these effects can be 
assessed with the aid of a digital crack analysis. The crack lengths are compared position-dependently with their possible 
propagation due to the weld pool movement during continuous loading. The index derived from this can be used by the 
operator to evaluate his test parameters. In addition, a comparison of the results of different Varestraint setups is made pos-
sible. Alongside experimental results, a numerical sensitivity analysis is presented on how individual welding and loading 
parameters can affect the crack lengths.

Keywords  Varestraint test · Solidification cracking · Weldability · Cracks

1  Introduction

Solidification cracks are imperfections that can occur during 
the solidification of metals in fusion welding. In addition to 
metallurgical aspects, this type of defect is also determined 
by the thermomechanical boundary conditions. It is the tear-
ing-off of liquid films on the grain boundaries due to defor-
mations within a critical temperature range. Consequently, 
the solidification cracking susceptibility of a material can be 
described by its so-called brittle temperature range (BTR) 
[1]. Cracks can only occur if the augmented strains within 
this temperature range exceed a certain threshold.

1.1 � Solidification cracking assessment using 
the Varestraint test

For assessing the susceptibility of materials to solidification 
cracking during welding, a variety of test methods exist [2]. 
One example is the Modified Varestraint Transvarestraint 
test (MVT) used at BAM [3], which is one of many adapta-
tions of the Varestraint principle [4]. A specimen is sub-
jected to a bending strain during Gas Tungsten Arc welding 
(GTAW), which provokes the formation of solidification 
cracks in the weld metal. Varestraint and Transvarestraint 
variants differ in terms of bending crosswise and lengthwise 
to the welding direction as indicated in Fig. 1. When the 
Varestraint test is referred to in the following, this includes 
all test variants, i.e., also the Transvarestraint variant.

The specimens of Varestraint tests are evaluated by quan-
tifying the cracks formed on the specimen surface. The exact 
procedure is not standardized but usually requires the use of 
light microscopes with a fixed magnification. The result of 
the Varestraint test is often the so-called total crack length, 
which is calculated as the sum of the lengths of all cracks on 
the specimen surface (“total crack length,” TCL). In some 
cases, the maximum crack length (MCL) is also given.

Besides the augmented strain-heat input, weld travel 
speed and deformation rate represent the decisive parameters 
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of Varestraint testing [4, 5]. There is not always an agree-
ment in the literature about their respective influence on 
crack initiation, and the selection and evaluation of suit-
able parameters are still the subject of research [6]. Thomas 
et al. [7] provided a compilation of common parameter sets 
taken from technical standards, important publications, and 
selected recent studies.

Differences in the designs of the Varestraint testing 
machines, as well as the non-existing standardization of 
test parameters and procedures, make it difficult to com-
pare results. Round robin tests have been carried out in the 
past to characterize the same materials at different institutes 
[8, 9]. The design of the testing machines, the specimen 
dimensions, the test parameters, and the evaluation proce-
dures differ. As a result, the participating testing laborato-
ries determined not only quantitatively but also qualitatively 
deviating results.

In addition, there is the issue of scattering of results 
[10–17]. Between different repetitions of the same test, vari-
ations of up to 20% in total crack length are to be expected 
[16]. Therefore, a common practice for Varestraint tests is 
to test at least two, preferably three specimens per parameter 
set. A detailed analysis of possible sources of error in the 
measurement of crack lengths was carried out by Andersson 
et al. [10]. For this purpose, tests were conducted with differ-
ent bending speeds, welding speeds, total strains, and weld-
ing currents. The measured standard errors were between 2 
and 134% of the respective mean values of the parameter set, 
depending on the specimen.

Finally, the human factor in the evaluation is another 
uncertainty. If the same specimens are evaluated by different 
persons, significant deviations are to be expected [15, 16]. 
This is especially pronounced for small crack lengths. Digi-
tal evaluations with higher resolutions increase the number 
and length of cracks registered by the user.

Most of the evaluation methods used in Varestraint test-
ing provide the number and length of cracks that form on a 
standardized specimen under certain test conditions. Since 
they do not provide any information on temperatures or 

strains, they do not represent material properties. Their sig-
nificance is limited to the test parameters used. Due to the 
numerous process-specific influencing factors, such results 
are only of limited suitability for comparing material-spe-
cific solidification cracking susceptibilities [18]. This applies 
in particular to the total crack lengths often determined in 
Varestraint tests. Nevertheless, there are possibilities to 
relate the start and end points of individual solidification 
cracks to the temperatures and strains according to the BTR.

1.2 � Quantification of material‑specific properties 
from Varestraint test results

The most direct way to do this is to determine the so-called 
maximum crack distance (MCD). This is the maximum 
crack length measured perpendicular to the melt pool iso-
therms [5]. The geometric range where solidification cracks 
can form and grow is derived from the upper and lower limit 
temperatures of the BTR. Since this temperature range is a 
material property, this theoretically also applies to the MCD. 
The prerequisite for this is that the deformation of the speci-
men is quasi-instantaneous [19]. Shankar et al. [12] report 
that the MCD from Varestraint tests correlate closely with 
the maximum crack lengths (MCL) obtained in Transvar-
estraint tests with the otherwise same parameters. Never-
theless, this is usually not to be observed when comparing 
the TCL.

As the maximum length of solidification cracks is limited 
by the BTR a saturation limit results with gradual increase 
of the strain. By exceeding this so-called saturation strain, 
no further crack growth occurs [5]. The crack length then 
covers the entire BTR. Experimental verification of this 
saturation limit is possible, for example in Transvarestraint 
tests repeated at high strain rates over different augmented 
strains [20, 21]. The MCD is thus a direct parameter for the 
material behavior.

Instantaneous deformation of specimens cannot be 
achieved in the practice of testing. The duration of defor-
mation leads to a possible extension of cracks by the travel 

Fig. 1   Principle of Modified 
Varestraint Transvarestraint 
(MVT) Test, Varestraint (a) and 
Transvarestraint (b)
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distance of the weld pool during deformation. A certain pro-
portion of the determined crack lengths is therefore always 
due to the influence of the testing process. Wolf [22] pro-
posed a correction of the maximum crack length which takes 
out the influence of the deformation time. In the simple case 
of a center line crack, this theoretically allows the actual 
maximum crack distance (MCD) to be determined also from 
slow bending tests.

Instead from crack lengths, the susceptibility to solidifica-
tion cracking can also be quantified with some effort on the 
basis of the BTR of a material. If the cooling curve of the 
weld is known, the start and end points of individual solidifi-
cation cracks can be assigned to temperatures, and the actual 
BTR of a material can be determined from this. A procedure 
for identifying the BTR from Varestraint tests was described 
in detail by Senda et al. [23]. Here, the cooling curve of the 
specimens is first determined by means of thermocouples 
inserted directly into the melt pool. From the starting point 
of the crack formation as well as the crack length, the cor-
responding temperature range of the solidification cracking 
can be derived. As a parameter, the “Critical Strain Tan-
gent” (CST) was proposed, which corresponds to the critical 
strain rate according to Prokhorov [1]. Later investigations 
showed that the CST correlates well with practical experi-
ence regarding the weldability of different alloys [18].

Matsuda et al. finally determined the exact shape of the 
BTR by in situ observation of crack initiation and propaga-
tion, based on various test methods [24–27]. In recent stud-
ies by Abe et al., the basic procedure was simplified by using 
a two-color pyrometer to determine the temperature field 
near the observed cracks [28]. In any case, it is necessary 
to determine enough pairs of values of critical temperatures 
individually at different strains.

A less complex way to characterize the solidification 
cracking behavior of a material based on crack lengths is 
described by Lippold et al. [20, 21]. The procedure is based 
on the calculation of a characteristic temperature interval. 
For this purpose, the saturation crack length is first deter-
mined in Transvarestraint tests at a high bending rate. 
Together with the weld travel speed and the cooling rate, 
the so-called Solidification Cracking Temperature Range 
(SCTR) can be calculated. SCTR offers a simple way of 
comparing different materials in terms of their susceptibility 
to cracking. The determination of several SCTR values for 
different load cases allows an approximate determination of 
the BTR with an increased level of detail [5].

Nevertheless, at present, there is still a lack of suitable 
methods for deriving robust and transferable statements on 
the solidification cracking behavior of a material from the 
results of different Varestraint test setups, which are not 
dependent on the test procedure and the test parameters 
used. The motivation for developing such an assessment 
option arose from results of the Varestraint test setup (MVT) 

used at BAM, which have shown dependencies from the 
machine parameters.

1.3 � The significance of the crack lengths obtained 
from the MVT test

The evaluation of several MVT tests carried out under vary-
ing heat input as well as weld travel speeds and bending 
speeds led to inconsistent results regarding the influences 
of the individual test parameters without being able to 
show systematic dependencies [7]. While the discrepancies 
were initially assumed to be due to the material behavior, a 
detailed examination of the interaction between welding and 
loading parameters revealed that the causes were to be found 
in the conventional evaluation based solely on crack lengths.

The result of the conventional evaluation of the MVT 
specimens is the Total Crack Length TCL as the sum of the 
lengths of all cracks. The position of the cracks around the 
weld pool is not considered. While the lowest temperature 
gradient is present in the center of the weld, the isotherms 
and thus the crack critical areas are much narrower near the 
fusion lines. Short cracks near the fusion lines are equivalent 
in terms of cracking susceptibility to long cracks formed 
in the center of the weld metal, as they represent the same 
temperature range BTR in case of saturated cracking. Nev-
ertheless, in the conventional evaluation, the same material 
with short off-center cracks would be rated better than with 
long-centered cracks. Figure 2a shows an example.

Another disadvantage of the evaluation by means of the 
TCL is that the cracks may grow further the longer the load-
ing (bending deformation) continues. That is, slower defor-
mation leads to a longer duration of the load, even if the 
augmented strain remains the same. The effect additionally 
interacts with the weld travel speed, which determines the 
distance over which the crack-critical zone has travelled dur-
ing loading [29]. Both aspects can lead to results or appar-
ent trends of the crack length that are difficult to interpret 
[7]. Another influence comes from the number of cracks. A 
large number of short cracks may produce the same TCL as 
a single long crack. However, this problem can be solved by 
evaluating the maximum crack length MCL.

Figure 2 b gives an example of a typical result of an MVT 
test. Several cracks initiate along an isotherm during load-
ing and then grow by a certain amount with the solidifi-
cation direction of the dendrites towards the center of the 
weld pool. On the one hand, this amount is composed of a 
material-specific fraction dBTR, which represents the solidi-
fication crack-critical temperature interval, e.g., according 
to Prokhorov [1]. However, since the load required for crack 
initiation is not instantaneous due to the limitation of the 
equipment, the crack length also includes a component ddef, 
which results from the movement of the upper and lower 
boundary isotherms due to the travelling weld pool during 
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the deformation period. The value ddef is called deforma-
tion-induced crack length in the following. The loading time 
is given by the stroke distance (augmented strain) and the 
deformation speed (ram speed). Table 1 shows typical values 
for the MVT test setup in the Varestraint mode.

Both components dBTR and ddef may overlap and cannot 
be distinguished exactly without knowledge of the tem-
perature distribution. In addition, it is not initially known 
whether a specific crack is saturated, meaning that it actu-
ally represents the entire BTR of the material. In the sim-
plest case of a saturated weld center crack, the crack portion 
ddef corresponds 1:1 to the weld pool travel distance during 
deformation, see Eq. 1.

with:
vt—weld travel speed
tdef—deformation time
However, this linear relationship does not apply to off-

center cracks. In an idealized way, these cracks follow 
rather a curved path, which is determined by the direc-
tion of solidification, i.e., the temperature gradient. Fig-
ure 3 shows a schematic. If the ideal crack growth paths/

(1)ddef,centerline = vt ∙ tdef

crystallization directions can be calculated, ddef can be 
determined for any position behind the weld pool [30]. 
The area which is crossed by an isotherm during the 
deformation is the integral of all ddef and is called CLP 
(crack length potential) in the following. While the BTR 
describes a temperature interval, the integral CLP repre-
sents its shift while the deformation.

Fig. 2   Although crack 1 is 
longer than crack 2 (L1 > L2), 
both saturated crack lengths 
equally represent the width of 
the brittle temperature range 
BTR outlined in red and thus 
the solidification cracking 
susceptibility of the material 
(a); various off-center cracks as 
a result of an MVT test (b)

Table 1   MVT-specific load 
parameters (Varestraint mode)

Parameter Stroke distance (augmented strain)

0.285 mm (1%) 0.57 mm (2%) 1.14 mm (4%)

Deformation speed/ram speed 2 mm/s 18 mm/s 2 mm/s 18 mm/s 2 mm/s 18 mm/s

Deformation time 0.143 s 0.016 s 0.285 s 0.032 s 0.57 s 0.063 s

Fig. 3   Deformation-induced crack length ddef along the crystalliza-
tion path during deformation at the distance dy from the weld center-
line; vt, weld travel speed; tdef, deformation time; rh, horizontal weld 
radius; rv, vertical weld radius. The integral of all ddef is the crack 
length potential CLP
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With knowledge of the deformation induced length of 
a crack ddef, a relative crack length rcl can now be formu-
lated, which compares the actually occurring crack length 
L with ddef, Eq. 2. The value rcl is calculated regardless of 
whether the crack is saturated or not. If several cracks occur 
in a sample, the arithmetic mean RCL of all relative crack 
lengths of the individual cracks is determined and taken as 
the characteristic value for the sample. Future evaluations 
will show whether this assumption is practicable in all cases. 
As an alternative to the average RCL of all individual cracks 
in a sample, the relative crack length can be determined for 
the longest individual crack (MCL).

with:
L—crack length (composed of unknown portions of dBTR 

and ddef)
n—number of cracks
For RCL three cases can be distinguished as follows:
Case 1: RCL = 0 (i.e., L = 0)
No cracking occurs.
Case 2: 0 < RCL < 1 (i.e., L < ddef)
The average crack length measured is shorter than the 

distance which the isotherms have travelled while loading. 
The cracking susceptibility is rather low or the cracks are 
not saturated. For results in this category, an influence of the 
machine parameters on the crack lengths cannot be excluded. 
Tests with higher loads and loading speeds or shorter defor-
mation times are recommended.

Case 3: RCL ≥ 1 (i.e., L ≥ ddef)
The average crack length is at least equivalent to the load 

duration. With RCL > 2, the material factor dBTR becomes 
greater than the machine factor ddef. Here, it can be assumed 
that the determined crack length is only slightly influenced 
by the load duration and the cracks are probably saturated.

Nevertheless, the evaluation according to RCL cannot 
prove whether a crack is saturated. Even with saturated 
cracks, RCL can be small if the saturation crack length is 
small and in the range of ddef. Higher loading speeds are 
then recommended in order to keep ddef as small as possible.

It should be emphasized at this point that the result of 
this work does not represent a new crack criterion per se and 
does not call existing solidification crack theories into ques-
tion. Rather, a tool is provided which describes the solidifi-
cation cracking behavior of a material in relation to the test-
ing and welding parameters used. This allows an evaluation 
of how strongly the test parameters affect the test result total 
crack length (TCL).

(2)rcl =
L

ddef

(3)RCL =

∑

rcl

n

The subsequent section first describes, on the basis of 
a numerical parameter study, how the isolated variation 
of individual welding and loading parameters affects the 
deformation-induced crack lengths ddef within the parameter 
range of the MVT test. Experimental results of the classical 
and new evaluation are compared and discussed then. A total 
of 2598 solidification cracks on 117 specimens were evalu-
ated. For this purpose, an image-based digital crack selec-
tion routine was developed which is described exemplarily.

2 � Sensitivity analysis on the influence 
of the MVT test parameters 
on the deformation‑induced crack length

Although the literature attributes a decisive role to the 
parameters used in the Varestraint test [15, 24, 31–34], there 
are currently no complete, systematic analyses of the influ-
ence of individual test parameters on the results, especially 
for the MVT test variant used at BAM. In particular, the 
standard deformation speed (ram speed) of the MVT test 
is specified as rather low, compare Table 1. The influence 
of the boundary conditions is therefore estimated in the 
following by numerical calculations. In contrast to reality, 
individual parameters can be varied and isolated from each 
other. This involves the parameters horizontal weld pool 
radius rh, vertical weld pool radius rv, and weld travel speed 
vt, see Fig. 3.

The target value of the calculations is the value ddef, 
which quantifies the elongation of the crack-susceptible 
zone by the moving weld pool during loading (deforma-
tion-induced crack length). The individual position along the 
weld pool ellipse is considered, i.e., the crack growth occurs 
along the assumed crystallization paths, see also Fig. 3. A 
vertical weld pool radius rh of 4 mm, a horizontal weld pool 
radius rh of 5 mm, a weld travel speed vt of 3 mm/s, and a 
deformation speed tdef of 2 mm/s were used as the central 
point of the comparisons. The above parameters were varied 
individually within the limits given in Table 2 and are based 
on the values typically encountered in MVT testing. A total 
of 15,730 parameter combinations were evaluated.

In the following plots, ddef is given as a function of the 
distance dy (see Fig. 3). For dy = 0 (weld centerline), ddef 

Table 2   Parameter variation for assessment of the deformation-
induced crack length ddef

Parameter Variation Central point

Vertical weld pool radius rv 3–5 mm 4 mm
Horizontal weld pool radius rh 3–7 mm 5 mm
Weld travel speed vt 1.8–3.6 mm/s 3 mm/s
Deformation speed vdef 2–18 mm/s 2 mm/s
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is always at its maximum (weld centerline crack). With 
increasing dy, ddef decreases and approaches 0 at the fusion 
line.

Higher weld widths (rv, Fig. 4a) increase the potential 
crack lengths due to the expanding weld pool. It may be 
surprising that a change in the horizontal weld pool radius 
(Fig. 4b)—i.e., a tension or compression of the weld pool in 
the welding direction—does not lead to a change of ddef in 
the center of the weld. This is because, in contrast to reality, 
the welding speed remains constant in the calculation and 
the weld pool travels the same distance (= center line crack 
length) in every case. However, smaller radii rh lead to a 
compression of the weld pool ellipse, which results in longer 
crystallization paths away from the weld center. As a result, 
the potential crack length increases somewhat there. The 
sole increase in weld travel speed (Fig. 4c) shows an increase 
in the maximum possible crack length at all positions along 
the weld pool ellipse. In the center of the weld, there is a 
direct proportionality. A doubling of the weld travel speed, 
according to Eq. 1, also doubles ddef.

The same linear dependence is present for the deforma-
tion speed. Here, however, the effects shown in Fig. 4d are 
more pronounced since the deformation speed was varied 
within wider limits (factor 9) than the weld travel speed 
(factor 2). This corresponds to the actual parameter window 
of the MVT test, which means that the effects of variable 
deformation speeds are expected to have by far the largest 
impact on crack lengths. In this context, low deformation 
speeds in combination with high weld travel speeds predict 
the strongest influence of the test sequence on the extent of 
crack formation.

The area integrals covered by the individual ddef curves 
in Fig. 3 correspond to the area of the material-independent, 
i.e., machine-specific, movement of the isotherms during 
deformation. Thus, they characterize the potential of the 
maximum possible crack propagation for the given process 
parameters. The area integrals of the ddef curves are there-
fore considered in the following as the crack length potential 
CLP, see Fig. 3. Different parameter sets can be evaluated 
this way.

Figure 5 contains three individual diagrams showing the 
CLP as a function of the deformation speed. They quantify 
the interactions with the three other parameters by means 
of the additional color scales. Each of them thus shows the 
value of the CLP as a function of two parameters, while the 
two remaining parameters are fixed. Their values are noted 
at the top of the diagram.

A higher deformation speed leads to reaching the com-
plete deformation (augmented strain) in a shorter period of 
time. Thus, the CLP decreases with increasing deformation 
speed. The exponential character (hyperbola), which may 
be surprising at first glance, is explained by the fact that the 
deformation time is inversely proportional to the deforma-
tion rate as described by Eq. 1. The lowest machine-specific 
influence on the crack length is to be expected for the fastest 
possible deformation. This is consistent with previous rec-
ommendations [5]. Above a value of approx. 10 mm/s, the 
influence of varying deformation speeds on the crack length 
potential is within the range of the other factors investigated.

The influence of the weld travel speed and the weld pool 
radii is much smaller, which can be seen from the respec-
tive spread of the curve arrays. In addition, an increasing 

Fig. 4   Deformation-induced 
crack length ddef as a function 
of the distance from the weld 
center dy with variation of the 
vertical weld pool radius rv (a), 
the horizontal weld pool radius 
rh (b), the weld travel speed vt 
(c), and the deformation speed 
vdef (d). See also Fig. 3
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weld travel speed is associated in reality with an increase 
in the horizontal and a simultaneous decrease in the verti-
cal weld pool radius. Both counteract the effect of the weld 
travel speed on the CLP. Therefore, it can be assumed that 
changes in the weld travel speed within the parameter range 
considered are not expected to have any significant influence 
on the deformation-induced crack growth.

To be able to take the influences shown into account in 
the MVT evaluation, i.e., calculation of the relative crack 
length RCL following Eqs. 2 and 3, all cracks that have 
occurred as well as the weld pool geometry must be quanti-
fied. For this purpose, a MATLAB [35]-based evaluation 
routine was programmed. Its application is briefly illus-
trated by an example in the following. The program code 
was developed and published by Maximilian Thomas [36].

3 � Digital evaluation routine 
for quantification of cracks and weld pool 
characteristics

The evaluation routine is initially divided into the steps of 
crack selection and selection of the weld pool parameters. 
These two steps need input from the user. Once this has been 
completed, the results are calculated. The application of the 
software requires at least one high-resolution surface image 
of the specimen with a known image scale. In present case, 
images with a resolution of 5184 × 3888 pixels were used. 
The image scale was 301.35 pixels/mm.

3.1 � Crack selection

At least one surface image in JPG format is selected first. 
The images should show a horizontal orientation of the weld 
seam running from left to right. The optional selection of up 
to three images under different exposure angles can support 

the subsequent crack selection. The following metadata must 
be entered for each sample before starting the evaluation:

•	 Specimen ID
•	 Weld travel speed (mm/s)
•	 Deformation speed (mm/s)
•	 Augmented strain (%)
•	 Type of test (Varestraint or Transvarestraint)
•	 Specimen thickness (mm)
•	 Specimen width (mm)

Besides the identifier, the inputs are required for the cal-
culation of the deformation time tdef.

All cracks found on the surface of the specimen are 
selected using point and click. Each single connected green 
area is later treated as a single crack. Figure 6a shows an 
example of selected cracks in the program window and the 
current magnification factor. The cracks can be selected in 
two ways.

Using “Region Growing,” the crack is defined based on 
a gray value comparison. After selecting a pixel by mouse 
click, an iterative comparison with the surrounding pixels 
takes place, based on the respective gray values. The sensi-
tivity is adjusted individually by means of a threshold value. 
Some cracks may be too narrow or not sufficiently mono-
chrome that they can be selected using the region-growing 
algorithm. In these cases, the course of the crack can be 
traced point by point along individual straight lines.

3.2 � Selection of the weld pool parameters

In this step, the weld geometry is specified. First, the posi-
tion of the fusion lines, which appear as dashed lines, is 
defined. In addition, the weld centerline is also displayed 
as a dashed line. Furthermore, two half-ellipses are created, 
which indicate the shape of the weld pool. Their positioning 
is based on the weld contour. Ripple lines are helpful here. 

Fig. 5   Influence of different test parameters on the crack length potential CLP, plotted as a function of the deformation speed vdef. Vertical weld 
pool radius (a), horizontal weld pool radius (b), and weld travel speed (c)
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The horizontal radius can thus be adjusted individually. The 
vertical ellipse radius is already specified by the weld width 
(fusion lines). Figure 6b shows an example. The theoreti-
cal crystallization direction is also shown by means of blue 
dashed lines. The distance between the two red ellipses in 
the weld center corresponds to the torch travel distance dur-
ing deformation (Eq. 1). Note that for the calculations the 
simplification is made that the selected weld pool boundary 
ellipses correspond to the individual isotherms in the mushy 
zone.

3.3 � Crack analysis

After all cracks as well as the weld pool characteristics have 
been selected, several properties are calculated for each 
crack using the MATLAB [35] function “RegionProps.” 
These include, among others, the main parameters:

1.	 Crack length L (mm): longest distance within a contigu-
ous selected region.

2.	 Total crack length TCL (mm): sum of all crack lengths 
L.

3.	 Deformation-induced crack length ddef (mm): The maxi-
mum fraction of a crack length L that is attributed to 
the duration of deformation. For its calculation, it is 
assumed that the crack under consideration grows fol-
lowing the crystallization path over the entire period of 
deformation (but not beyond). ddef thus describes the 
portion of a crack due to the machine specifics whose 
propagation is not stopped during deformation. See also 
Figs. 3 and 4.

4.	 Relative crack length rcl (%): Ratio of actual crack 
length L to the maximum deformation-induced crack 
length component ddef (see Eq. 2).

5.	 Average relative crack length RCL (%): arithmetic mean 
of all relative crack lengths (see Eq. 3).

Some of these properties require the individual crystalli-
zation paths for the cracks selected. The paths are calculated 
numerically from the fusion line to the center of the weld 
from the previously defined elliptical weld pool shape. The 
algorithm used is based on the horizontal displacement of 
normals, which are applied in constant steps to the course 
of the weld pool front. The numerical implementation is 
described in detail in [30, 37].

In principle, the software can also be applied to results 
(samples) from other Varestraint setups. The deformation 
times required to achieve certain strains are required. This 
data would have to be implemented in the program code 
once by the user. Only a high-resolution surface image of 
the sample is then required for evaluation.

4 � Examples

4.1 � Experimental

Three different materials tested under varying parameter 
sets are shown in the following, applying the classical 
(TCL) as well as the evaluation based on the relative crack 
length RCL. All samples were evaluated by the software 
tool described before. The materials were chosen because 
of their specific solidification cracking response in the MVT 

Fig. 6   Exemplary crack selection (a) and weld geometry selection (b); selected cracks in green; exemplary isotherms in red (solid line); exem-
plary crystallization paths in blue
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test. The metallurgical reasons for cracking are discussed 
elsewhere [37, 38]. Each chemical composition is given 
in Table 3. While alloy A is the Ni-based alloy 602 CA 
(2.4633), alloys B and C are non-commercial martensitic 
welding consumables.

The welding parameters were varied following Table 4, 
which is the typical range in MVT testing. The loading 
parameters are also shown in Table 4. The stroke rate (ram 
speed) was varied by a factor of nine up to the maximum 
of the setup. The correspondent deformation time is also 
included in the table and used subsequently for the pres-
entation of the results. Varestraint mode was applied in 
most cases. Some tests of alloys B and C were conducted 
in Transvarestraint mode. Three repetitions were made for 
each parameter set.

4.2 � Results

Figure 7a to c show the results of the evaluation according 
to the total crack length TCL for the individual parameter 
sets as a function of the deformation time. For rapid bending 
respectively short deformation times, the crack lengths are 
close to each other. While alloy A (Fig. 7 a) gives the long-
est cracks, alloys B (Fig. 7b) and C (Fig. 7c) allow no clear 
ranking. In tendency, alloy B shows slightly longer cracks. 
With increasing deformation time, the differences between 
the alloys become higher. While the crack length of alloy A 
increases nearly, linear alloys B and C remain constant or 
even show decreasing crack lengths. This is an unexpected 
behavior which has its origin in the influence in the MVT 
test characteristics.

In Fig. 7d to f, the relative crack length RCL is plotted as 
a function of the deformation time separated for each alloy. 
The values decrease for all materials and parameter sets 
for longer deformation times. In particular, alloy A shows 
a strong dependence of the value RCL on the deformation 
time. Even though the number of data points is small, the 
hyperbolic character already predicted in the numerical anal-
ysis (cf. Figure 5) is visible here. That means that the high 
TCLs found for long deformation times are a consequence 
of higher ddef values and therefore artifacts. In contrast to the 
TCL, the RCL values approach each other below RCL = 1 for 
longer deformation times. Remember that a small RCL < 1 
indicates a major influence of the machine characteristics 
on the crack length.

The ranking of the materials, i.e., the evaluation of the 
cracking susceptibility, is in most cases similar as observed 
for TCL. Nevertheless, individual parameter sets differ in 
their effect when comparing TCL and RCL. For alloy A, 
the TCL is very similar for the three welding parameter sets 
used whereas RCL is significantly different. RCL there-
fore may allow for a separation or more detailed ranking of 
individual parameter sets if necessary. On the other hand, a 
small spread of RCL for a single material reveals a minor 
influence of the welding parameters, even if TCL indicates 
erroneously an opposite behavior as in case of alloy C.

For a better separation of the individual curves, Fig. 8a 
shows a logarithmic representation of the relative crack 
length RCL as a function of the deformation time. Most of 
the curves are parallel and appear linear on the logarithmic 
scale. Against the background of the three cases of RCL 
evaluation described in Sect. 1.3, alloy C exceeds the value 1 
only at the shortest deformation time. At longer deformation 
times, the cracks are shorter than the load duration would 
suggest. Alloy A is mostly above RCL = 1 which indicates a 
minor influence of the loading duration on the crack growth 
in these cases. The deformation-induced crack length is very 
small in comparison. Alloy B ranks between the other two 
alloys.

For the assessment of the susceptibility to cracking, this 
means that for results with RCL < 1, it is recommended to 
aim for further tests with higher deformation rates or shorter 
deformation times to minimize ddef.

For clarification, it should be mentioned again that an 
increase in the relative crack length is not generally to be 
regarded as equivalent to an increase in the cracking sus-
ceptibility of the material. Rather, the relative crack length 
documents how strongly the cracking behavior may be 

Table 3   Chemical compositions 
in wt.%

Alloy C Cr Ni Mn Si Cu Al Ti Fe

A 0.2 25.5 Bal 0.04 0.02 0.01 2.32 0.17 8.91
B 0.07 7.4 6.1 0.5 0.27 - - - Bal
C 0.07 10.3 0.04 9.5 0.38 - - - Bal

Table 4   Welding and loading parameters applied in MVT test

*Differences in deformation time between Varestraint and Transvar-
estraint are due to different designs of the bending dies

Parameter Range

Heat input per unit length (kJ/cm) 7.6–14
Weld travel speed (mm/s) 1.8–3.6
Augmented strain (%) 2–4
Stroke rate (mm/s) 2–18
Deformation time (s)* 0.032–0.57 (Varestraint)

0.068–0.62 (Transvarestraint)
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influenced by the MVT parameters. Nevertheless, RCL can 
also be used to compare the absolute solidification crack-
ing susceptibility of several materials—if an identical 
MVT parameter range was applied. This is illustrated in the 
following.

Here, the linear characteristic of RCL versus the deforma-
tion time on the logarithmic scale is utilized. To quantify a 
characteristic single value for a set of welding parameters, 

the intersection of the individual straight lines with RCL = 1 
is determined (dashed line, see Fig. 8a). The resulting val-
ues are given in Fig. 8b) for all parameter sets applied. The 
higher the value of this “critical” deformation time tdef,1, the 
higher the solidification cracking susceptibility of the mate-
rial is to be estimated under the given boundary conditions.

Slower welding produces higher RCL values for each 
alloy. The same is indicated with increasing heat input. 

Fig. 7   Total crack length TCL 
of alloys A (a), B (b), and C (c) 
and relative crack length RCL 
of alloys A (d), B (e), and C (f) 
as a function of the deforma-
tion time applied (parameters 
heat input, weld travel speed, 
augmented strain, and Varestrai
nt/Transvarestraint are indicated 
in the legend)
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Varestraint and Transvarestraint variants of the same 
parameter set are close to each other. Nevertheless, each 
Transvarestraint variant shows a slightly higher value 
compared to the Varestraint variant. The reason may 
stem from the differing mechanical setup (design of the 
bending dies) and therefore slightly different deformation 
times for reaching the same augmented strain, see Table 4 
and also Fig. 7.

All these dependencies cannot be derived from the 
total crack length TCL, cf. Figure 7a to c. In an earlier 
study, an evaluation of some of the samples considered 
here was examined with regard to the influence of the 
strain rate [30]. It was shown that this also allows a rank-
ing of individual parameter sets, but only meaningful with 
the same total strain. The dependence on the deformation 
time presented here, on the other hand, can take variable 
total strains into account.

By taking several deformation times into account, it 
is also possible to compare the results of different Var-
estraint setups from other laboratories. The crack lengths 
determined cannot yet be compared directly. However, it 
is possible to assess the extent to which the crack lengths 
may be affected by the loading parameters. Round robin 
tests involving different laboratories are to be aimed for 
in the future.

5 � Summary and conclusions

An image-based digital crack detection routine was 
developed to include the effect of crack orientation as 
well as load duration in the evaluation of Varestraint and 
Transvarestraint test results. Based on the weld pool char-
acteristics, the shape of the isotherms is reconstructed, and 
the theoretical crack growth along numerically determined 
crystallization paths is considered in relation to the cracks 
that actually occur. The index relative crack length RCL 
derived from this allows an extended assessment of the 
material behavior during the test. The threshold introduced 
can quantify the dependencies of the crack formation from 
the welding and testing parameters, which could not be 
comprehensively identified with the conventional evalu-
ation. The relative crack length is not an index describ-
ing the cracking susceptibility—it is rather an additional 
measure helping to evaluate the machine influence on the 
crack length obtained from Varestraint tests under varying 
boundary conditions. It can help to identify unsuitable test 
parameters. In principle, the evaluation routine can also 
be transferred to other Varestraint or even other externally 
loaded hot cracking tests allowing a comparison of the 
crack lengths obtained. A sensitivity analysis of typical 

Fig. 8   Relative crack length RCL (log) as a function of the deformation time applied (a) and critical deformation time ddef,1 calculated for all 
parameter sets (b)
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welding and loading parameters applied in the Modified 
Varestraint Transvarestraint test setup revealed that the 
deformation rate is the major factor on the potential crack 
length. Variations in the welding parameters have a minor 
influence. To minimize the influence of machine and weld-
ing parameters, high strain rates combined with slow weld-
ing speeds are recommended.
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