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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
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1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract

Reversion treatment is an efficient method to refine the grain size of metastable austenitic stainless steels and enhance their 
mechanical properties. A piece of an AISI 301LN 56% cold-rolled 3.4 mm thick sheet was annealed at 790 °C for 80 s on a 600 
kW pilot induction heating line resulting in the grain size of 0.9 µm. A commercial 3.0 mm thick temper-rolled 301LN (+CP700 /
C1000) sheet together with data for a hot-rolled steel from a previous study were used for comparisons. The sheets were bead-on
plate autogenously welded using a diode pumped Yb:YAG laser at a constant power of 4 kW. Microstructure examinations were 
performed employing optical microscopy and electron backscatter diffraction. Hardness and tensile tests as well as strain-controlled 
fatigue tests were carried out to determine the mechanical properties. Microstructure evolution revealed that only slight grain 
growth occurred in a very narrow zone in the heat-affected zone (HAZ) in the reversion-treated sheet during welding. In the HAZ 
of the temper-rolled sheet both recrystallization and grain growth took place. The HAZ was also narrower in the reversion-treated 
sheet. The minimum hardness level was about 240 HV in the both welds. The yield strengths of the weld seams of the reversion-
treated and temper-rolled sheets were equal but twice as high as the yield strength of hot-rolled steel without welding. The fatigue 
strength was identical in the both structures, impaired by welding, but about the same as that of the hot-rolled steel without welding.
The welded specimens failed in the weld metal either along the fusion line between the HAZ and the weld metal or inside the weld 
metal. It can be assumed that the microsegregation and/or the grain structure provide some weaker sites for crack nucleation, but 
also the grain size and structure are different from those of the base metals.
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1. Introduction

Austenitic stainless steels are known for their good corrosion resistance and excellent formability in annealed
condition. The yield strength is low, but metastable grades can be strengthened by a simple cold rolling process. 
However, the temper rolling impairs the formability and causes anisotropy in mechanical properties [1–4]. 
Alternatively, the yield strength can be improved by refining the austenite grain size with so called reversion-treatment 
[3–8]. The advantage of the reversion-treatment is a better strength-ductility combination [4,7,8] and isotropic 
properties [4].

In structural applications, welding is needed for fabrication of bigger components and in final assembly [9]. 
Austenitic steels have excellent weldability since they do not undergo the austenite-ferrite/martensite transformation, 
but recrystallization and recovery occur in the heat-affected zone (HAZ) of cold-rolled austenitic grades resulting in 
the formation of a softened zone [3,9,10]. The weldability of cold-rolled austenitic stainless steels is extensively
studied, but there is no literature on the weldability of reversion-treated ultrafine-grained austenitic structures. In this 
paper, both the cold-rolled and reversion-treated sheets were laser welded and microstructures and mechanical 
properties of the weld seams were determined and compared using metallography and tensile, hardness and fatigue
testing.

Nomenclature

EBSD electron backscatter diffraction
FESEM field emission scanning electron microscope
HAZ heat-affected zone
HV Vickers hardness
IPF inverse pole figure
TE total elongation
TIG tungsten inert gas
UE uniform elongation
UTS ultimate tensile strength
wt.% weight percent
YS yield strength

2. Experimental methods

2.1. Test materials and welding experiments

Test material was austenitic 18Cr-7Ni-0.15N stainless steel of Type 301LN (1.4318). The nominal chemical 
composition is shown in Table 1. Two strengthened grades were selected for the welding experiments: 1) reversion-
treated (56% cold rolling + annealing at 790 °C for 80 s) and 2) industrially temper-rolled (+CP700 / C1000) one. The 
reversion treatment has been described in earlier publications, e.g. [6–8]. It includes two stages: cold rolling of 
metastable austenitic structure to transform it partially or completely to martensite and subsequently anneal at a
temperature ≤ 900 °C to transform the deformation-induced martensite back to austenite. Austenite grain size becomes
significantly refined during the treatment. The rolling history of the temper-rolled structure is not known, but it can be 
estimated that the cold rolling reduction has been approximately 15% for this strength level. The both sheets had the 
surface roughness (Ra) of approximately 1.5 µm. The reversion-treated (3.4 mm thick) and temper-rolled (3.0 mm 
thick) sheets were bead-on-plate welded autogenously without a filler metal using a diode pumped Yb:YAG laser
using a constant power of 4 kW and the focal focus 1 mm below the sheet surface. The welding direction was
perpendicular to the rolling direction. The mechanical data for the hot-rolled 301LN sheet were taken from a previous 
study [8] and no welding experiments were performed for it.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.promfg.2019.08.028&domain=pdf
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1. Introduction

Austenitic stainless steels are known for their good corrosion resistance and excellent formability in annealed
condition. The yield strength is low, but metastable grades can be strengthened by a simple cold rolling process. 
However, the temper rolling impairs the formability and causes anisotropy in mechanical properties [1–4]. 
Alternatively, the yield strength can be improved by refining the austenite grain size with so called reversion-treatment 
[3–8]. The advantage of the reversion-treatment is a better strength-ductility combination [4,7,8] and isotropic 
properties [4].

In structural applications, welding is needed for fabrication of bigger components and in final assembly [9]. 
Austenitic steels have excellent weldability since they do not undergo the austenite-ferrite/martensite transformation, 
but recrystallization and recovery occur in the heat-affected zone (HAZ) of cold-rolled austenitic grades resulting in 
the formation of a softened zone [3,9,10]. The weldability of cold-rolled austenitic stainless steels is extensively
studied, but there is no literature on the weldability of reversion-treated ultrafine-grained austenitic structures. In this 
paper, both the cold-rolled and reversion-treated sheets were laser welded and microstructures and mechanical 
properties of the weld seams were determined and compared using metallography and tensile, hardness and fatigue
testing.
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2. Experimental methods

2.1. Test materials and welding experiments

Test material was austenitic 18Cr-7Ni-0.15N stainless steel of Type 301LN (1.4318). The nominal chemical 
composition is shown in Table 1. Two strengthened grades were selected for the welding experiments: 1) reversion-
treated (56% cold rolling + annealing at 790 °C for 80 s) and 2) industrially temper-rolled (+CP700 / C1000) one. The 
reversion treatment has been described in earlier publications, e.g. [6–8]. It includes two stages: cold rolling of 
metastable austenitic structure to transform it partially or completely to martensite and subsequently anneal at a
temperature ≤ 900 °C to transform the deformation-induced martensite back to austenite. Austenite grain size becomes
significantly refined during the treatment. The rolling history of the temper-rolled structure is not known, but it can be 
estimated that the cold rolling reduction has been approximately 15% for this strength level. The both sheets had the 
surface roughness (Ra) of approximately 1.5 µm. The reversion-treated (3.4 mm thick) and temper-rolled (3.0 mm 
thick) sheets were bead-on-plate welded autogenously without a filler metal using a diode pumped Yb:YAG laser
using a constant power of 4 kW and the focal focus 1 mm below the sheet surface. The welding direction was
perpendicular to the rolling direction. The mechanical data for the hot-rolled 301LN sheet were taken from a previous 
study [8] and no welding experiments were performed for it.
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Table 1. Nominal chemical composition (wt.%) of the 301LN steel.
C Si Mn Cr Ni N

<0.03 <1.00 <2.00 16-18 6-8 0.07-0.20

2.2. Material characterization

The sheets were laser cut for machining the tensile and fatigue specimens. The gauge section (width × length) was
12.5 × 50 mm and 10 × 12.5 mm for tensile and fatigue test specimens, respectively. Mechanical properties were 
determined by tensile tests at a low strain rate of 0.0005 1/s to avoid any heating of the specimens (repeated 2 times).
Microhardness was determined using a Vickers indenter and a 10 kg load.

Strain controlled fatigue tests, at the total strain amplitudes 0.2-0.4%, were carried out using a relatively high strain 
rate (2.4-4.8 ×10-2 s-1) and the cut-off value of 2e6 cycles. External air blow was applied to prevent heat accumulation. 
The surfaces of the test samples were polished to the Ra-value of 0.2 µm and the edges rounded (1 mm radius). Stress 
amplitudes at the mid-life were used for fatigue strength analysis.

The microstructures of the welded seams were examined using optical microscopy and a scanning electron 
microscope with an electron backscatter diffraction unit (FESEM-EBSD).

3. Results

3.1. Initial structures

The hot-rolled structure (Fig. 1a) of the 301LN sheet consisted of austenite grains with the average size of 23 µm 
and its hardness was 230 HV [8]. In the 56% cold-rolled condition, 95% of the austenite was transformed to martensite 
and the remaining austenite grains were severely deformed. The cold rolling increased the average hardness to about
550 HV. The annealing at 790 °C for 80 s reversed all martensite into new ultrafine-grained austenite with the average 
grain size of 0.9 µm (Fig. 1b). The grain refinement increased the hardness from 230 to approximately 300 HV. The
temper-rolled structure (Fig. 1c) consisted of deformed austenite with the average grain size of 12 µm and martensite 
(fraction 15%). The hardness of the structure after temper-rolling was about 350 HV.

Fig. 1. Initial microstructures of (a) hot-rolled, (b) reversion-treated and (c) temper-rolled AISI 301LN sheets. Austenite is grey and 
martensite red.

3.2. Microstructure and hardness after welding

Microstructural analysis revealed clear differences in the properties of the weld seams between the reversion-
treated structure and the temper-rolled one. For instance, when comparing the EBSD images (Fig. 2), it is obvious that 
the grain structure of the weld seam of the reversion-treated sheet (Fig. 2a) is in general much finer than that of temper-
rolled counterpart (Fig. 2b). Due to the welding heat input, slight grain growth has occurred in an extremely narrow 
zone in the HAZ in the reversion-treated structure, having ultrafine grain size before welding (the base metal is on the 
left side in Fig. 2a). In contrast, a zone of refined grains is seen in the HAZ of the temper-rolled sheet, as a result of 
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static recrystallization. The occurrence of static recrystallization has been observed in a temper-rolled 301LN (C1000) 
sheet after laser and TIG welding at the peak temperatures around 950-1100 °C [10]. At higher temperatures, grain 
growth tends to take place, but that zone is very narrow. In the both weld seams, the weld metal consisted of elongated, 
sometimes dendritic austenite grains whereas the grains at the HAZ are more or less equiaxed.

Fig. 2. Weld seam microstructures of (a) reversion-treated and (b) temper-rolled AISI 301LN (FESEM-EBSD grain boundary maps). Note the 
different magnification in (a) and (b).

As seen from Fig. 3, the hardness of the weld metal, measured on cross-sections of the seams, was about 240 HV, 
being quite similar in the both weld seams, and also close to the value of the hot-rolled sheet (230 HV). Based on the 
hardness profiles, the softened weld seam is ~20% narrower in the reversion-treated structure than in the temper-rolled 
counterpart. In the welded reversion-treated seam there is a very narrow region where austenite grain growth took 
place due to heating to high temperatures. In the welded temper-rolled seam, the HAZ contains a grain growth and 
recrystallized zones of austenite, recovered austenite with some tempered martensite. Hence, the different 
microstructures can affect the hardness behaviour. However, it seems that the influence of metallurgical features is 
small the main reason for the different width of the softened HAZ is the different hardness level of the base metals. 
The hardness of the temper-rolled sheet is 350 HV whereas it is 300 HV for the reversed sheet. Therefore, the distance 
from the fusion line is longer to reach the higher hardness. The width from the fusion line to the hardness of 300 HV 
seems quite similar (about 0.5 mm) for the both sheets.

Fig. 3. Hardness profiles of the weld seams in the (a) reversion-treated and b) temper-rolled structures determined along three lines on the 
cross-sections. The dotted lines present the average hardness of the base materials.

3.3. Tensile properties prior and after welding

The tensile strength was determined using specimens cut across the weld with the gauge length of 50 mm, i.e. the 
measured properties are average values or those of the weakest zone over the gauge length where the weld seam is 
only 1-2 mm wide (Fig. 3). All the welded tensile test specimens failed in the weld metal. Interestingly the both 
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counterpart. In the welded reversion-treated seam there is a very narrow region where austenite grain growth took 
place due to heating to high temperatures. In the welded temper-rolled seam, the HAZ contains a grain growth and 
recrystallized zones of austenite, recovered austenite with some tempered martensite. Hence, the different 
microstructures can affect the hardness behaviour. However, it seems that the influence of metallurgical features is 
small the main reason for the different width of the softened HAZ is the different hardness level of the base metals. 
The hardness of the temper-rolled sheet is 350 HV whereas it is 300 HV for the reversed sheet. Therefore, the distance 
from the fusion line is longer to reach the higher hardness. The width from the fusion line to the hardness of 300 HV 
seems quite similar (about 0.5 mm) for the both sheets.

Fig. 3. Hardness profiles of the weld seams in the (a) reversion-treated and b) temper-rolled structures determined along three lines on the 
cross-sections. The dotted lines present the average hardness of the base materials.

3.3. Tensile properties prior and after welding

The tensile strength was determined using specimens cut across the weld with the gauge length of 50 mm, i.e. the 
measured properties are average values or those of the weakest zone over the gauge length where the weld seam is 
only 1-2 mm wide (Fig. 3). All the welded tensile test specimens failed in the weld metal. Interestingly the both 
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structures exhibited the same yield strength (YS) value of 629 MPa (Table 2) in the welded condition. This YS is 
almost double compared to the YS of hot-rolled sheet, but the measured elongation values are significantly lower 
(approximately half). It is seen from Table 2 that the initial YSs of the reversed and temper-rolled structures are about 
double compared to YS of the hot rolled counterpart. The laser welding only reduces slightly the YS, by 6% in the 
reversion-treated structure and by 15% in the temper-rolled one, so that the joints are still strong. Obviously, this is 
due to a very narrow width of the soft weld, so that the influence of undermatching remains minimal. The mismatch 
effects in weldments are complicated (see e.g. Nevasmaa et al. [12] and M. Kocak [13]) and out of the scope of 
discussion here. Similarly, the decrease in the tensile strength (UTS) was quite small, 2% and 14%, respectively. The 
total elongation (TE) of the welded reversion-treated structure (39%) was higher than that of the temper-rolled 
structure (27%), which is obviously a result of the difference in TEs of the base metals, much higher for the reversion-
treated one.

Table 2. Tensile test properties prior and after welding. *Values for the hot-rolled sheet [8] are measured using the gauge length of 25 mm.

Grade Condition YS UTS UE TE
- [MPa] [%]

Hot rolled Base material* 330 910 51 68
Welded - - - -

Reversion-treated Base material 667 1029 40 55
Welded 629 1012 34 39

Temper-rolled Base material 737 1059 27 32
Welded 629 907 27 27

3.4. Fatigue strength of welded structures

The fatigue strength (Fig. 4) was preliminary tested using only few welded specimens for the reversion-treated (3
pieces) and temper-rolled (5) structures. The results of the welded specimens were compared with the data for the hot-
rolled sheet [8]. The extensometer gauge length in the present experiments was 10 mm, so we could estimate 
significant strain localization in the weld zone (the weld width 1-2 mm). 

The fatigue life in relation to total strain amplitude (Fig. 4a) was equal for the both welded reversion-treated and 
temper-rolled structures. The life is also slightly shorter than the corresponding life of the hot-rolled structure without 
a weld. We can assume that the microsegregation and/or the grain structure provide some weaker sites for crack 
nucleation and the grain size and structure are different. Furthermore, the soft weld metal is between the harder zones 
which concentrates the strain to the narrow weld metal differently from the strain distribution in the hot-rolled structure
with the uniform hardness. 

When comparing the fatigue life in relation to the mid-life stress amplitude (Fig. 4b), we can realize that the both 
welded structures exhibit the equal fatigue strength which is slightly better than that of the hot-rolled structure without 
welding. However, the fatigue strength of the joints is only about half of the YS of the base metal. In fatigue, the 
strength of the weakest zone is important, and the mismatch effect and undermatch (soft weld zone) are a significant 
design matter concerning fatigue loading, as discussed by Wen et al. [14] and Dobosy et al. [15], among others.

6 A, Järvenpää/ Procedia Manufacturing 00 (2019) 000–000

Fig. 4. Fatigue strength prior and after welding for the reversion-treated and temper-rolled steels. (a) Strain amplitude and (b) stress amplitude 
vs. number of cycles to failure. The reference data for hot-rolled sheet without welding taken from [8].

3.5. Microstructural evolution and failure during fatigue

As an example of microstructure evolution during fatigue, Fig. 5 shows the weld region of the reversion-treated 
structure after cycling to fracture (131000 cycles) at the 0.2% strain amplitude. It can be seen that the fatigued weld 
metal has become almost completely martensitic and the HAZ is partially martensitic, whereas the base metal was 
completely austenitic (Fig. 5a). The results indicate that the weld metal is either very susceptible to transforming 
strain-induced martensite or/and significant accumulated strain is localized in the soft zone as suggested in the 
previous section. It is quite obvious that the latter is the main reason for inducing the transformation, but it might also 
result from the large grain size of austenite, reducing its resistance against martensite transformation [11]. The random 
orientation of the grains is evident from Fig. 5b.

Fig. 5. Weld region in the reversion-treated structure after cycling at 0.2% strain amplitude for 131 000 cycles (FESEM-EBSD grain 
boundary maps overlapped with (a) phase and (b) IPF map). Martensite is red and austenite grey in (a).
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All the welded specimens failed in the weld metal either along the border (fusion line) between the HAZ and the 
weld metal (at low strain amplitudes) or inside the weld metal (at high strain amplitudes). At the high strain amplitude 
(0.4%, Fig. 6), the weld metal became severely deformed causing surface roughening (the weld became visible on the 
polished surface). In this case, two separate fatigue cracks propagated and merged before the final fracture in both the 
reversion-treated and temper-rolled structures. At the smaller strain amplitude of 0.2%, cracks propagated along the 
HAZ either on one side or on the both sides of the weld metal. 

Fig. 6. Macroscopic images showing fatigue crack propagation across the gauge width during cycling at the 0.4% strain amplitude in the 
welded (a) reversion-treated and (b) temper-rolled structure. Red lines show the positions of the fusion lines. Loading direction horizontal.

4. Summary

The investigation performed showed that laser autogenous welding of 301LN steel sheets created the weld metal 
with coarse columnar grains and very narrow HAZ in the reversion-treated ultrafine-grained steel as well as in temper-
rolled one. The weld metal had a low hardness (240 HV), equal in the both structures corresponding to the hardness
of the hot-rolled sheet. The yield strength of the specimens cut across the weld joint was identical in the reversion-
treated and temper-rolled steels, but more than double compared to the yield strength of the hot-rolled steel. The 
elongation was lower but still higher in the reversion-treated structure than in the temper-rolled counterpart. The 
fatigue strength of the welded joint determined under total strain-controlled tests was also practically identical in the 
both steels. The weld metal transformed from austenite to martensite during fatigue cycling, revealing strain 
concentrating in the soft zone, but still the fatigue life of the welded steels was almost equal to that of the hot-rolled 
steel without welding. The welded specimens failed in the weld metal either inside the weld metal or along the fusion 
line between the HAZ and the weld metal. It can be assumed that the microsegregation and/or the grain structure 
provide weaker sites for crack nucleation, but also the grain size and structure are different from those of the base 
metals.
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