JMEPEG (2002) 11:422-427

©ASM International

Improved Impact Toughness of 13Cr
Martensitic Stainless Steel Hardened by Laser
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The impact toughness of AISI 403 martensitic stainless steel plate and laser-hardened specimens tempered
at various temperatures were examined. Phosphorus was the primary residual impurity responsible for
tempered embrittlement of this alloy. The experimental result also indicated that AISI 403 stainless steel
was very sensitive to reverse-temper embrittlement. The improved impact toughness of the laser-hardened
specimen was attributed to the refined microstructure in the laser-hardened zone.
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1. Introduction

The 13 wt.% Cr martensitic stainless steels (e.g., AISI 403,
410, 420, and 422) are well-known materials for application in
steam turbine blades, marine turbine blades, or compressor
blades. They are generally heat-treated to provide moderate
corrosion resistance and good mechanical properties. For plain
13 Cr steel, a slightly secondary hardening effect is observed in
the vicinity of 500 °C after tempering,"! which can be attrib-
uted to the precipitation of Cr,;C¢ carbides heterogeneously
distributed in the martensite matrix.”' If AISI 403 martensitic
stainless steel is tempered in the temperature range between
500-680 °C, severe sensitization owing to the precipitation of
large Cr,;C¢ precipitates leads to the loss of corrosion resis-
tance of the steel.'!! In addition, hardened stainless steels that
are tempered in the temperature range between 450-575 °C, or
that experience slow cooling through this temperature range,
will result in the progressive loss of impact toughness of the
alloy, which is the so-called temper embrittlement.'*>!

Prabhu et al."™ report that the embrittlement of 13 wt.% Cr
steels begins at 450 °C, reaches a maximum at 550 °C, and
decreases with further increases in tempering tempera-
tures. This character is believed to be caused by the segre-
gation of impurities such as P and Sb along the prior austenite
grain boundaries.”® The degradation of toughness re-
sults from the weakened grain boundaries, so that its frac-
ture mode is associated with the intergranular fracture. It is
reported that P can cosegregate with Cr to the grain bound-
aries.'® Moreover, it also has been reported' that the existence
of Mn and Si promotes P segregation to the grain boundaries.
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Mo can act as an effective scavenger for P and other embrit-
tling impurities, but the scavenging effect is lost when Mo is
taking part in precipitating as a carbide, as a result of continu-
ous tempering at high temperatures or service at elevated tem-
peratures.’® In addition, it has been pointed out that the detri-
mental effect of P can be greatly reduced by refining the prior
austenite grain size.!”’

Laser-surface-hardening is used alternatively to modify the
surface properties of many alloys.!'™'"" The combination of
high power density and short interaction time over the treated
area for this specific process results in the low distortion of the
work piece.'>! Selective surface treatment together with a
rapid thermal cycle of laser material-processing is found to
improve the hardness, wear, and fatigue properties of the work
pieces.["* 81 In this study, the impact toughness of AISI 403
martensitic stainless steel tempered at various temperatures
was determined. The effect of laser surface-hardening on the
modification of impact toughness of this steel also was evalu-
ated. Fractographic examinations were conducted on the frac-
tured specimens in order to correlate the change in fracture
modes with the impact toughness of the specimens.

2. Experimental Procedures

The chemical composition of the AISI 403 stainless steel
used for the test was 12.2 wt.% Cr, 0.12 wt.% C, 0.38 wt.% Si,
0.48 wt.% Mn, 0.018 wt.% P, 0.01 wt.% S, 0.12 wt.% Ni, 0.032
wt.% Mo, and Fe balance. The 7.0 mm thick steel plates were
austenized at 1020 °C for 40 min and subsequently were
quenched by argon to room temperature. Tempering treatments
were performed at 482 °C (900 °F), 538 °C (1000 °F), 593 °C
(1100 °F), or 648 °C (1200 °F), respectively, for 2 h. A Rofin-
Sinar 5 kW CO, laser with a computer-controlled working
table was used for the laser surface treatment. Before laser
treatments, the steel plates subjected to 648 °C tempering treat-
ment were sprayed with a black carbon paint in order to en-
hance the surface absorption of the laser energy of the speci-
men. Surface melting was avoided by using a rectangular beam
featuring a uniform distribution of laser energy over the area of
6 x 25 mm. Therefore, a more homogeneously hardened zone
could be provided after laser treatment.
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Fig. 1 A schematic diagram shows the dimensions of (a) a Charpy impact specimen and (b) an impact fracture specimen for Auger spectroscopy

analysis. All dimensions are in millimeters.

In order to avoid the cold cracking of the hardened zone, all
specimens were preheated at 200 °C before being irradiated by
the laser beam. After the surface temperature of the hardened
zone decreased to 200 °C, the laser surface treatment was per-
formed again at the symmetrical location on the other sides of
the specimen, and then the laser-hardened specimen was heated
in a prolonged manner at 200 °C for 1 h. Such a specimen was
designated as the L-hardened specimen. To evaluate the effect
of tempering treatments on both the change of surface hardness
and the impact energy of the laser-hardened specimen, a series
of tempering treatments was performed. For the L-hardened
specimen subjected to tempering treatment, a digital number
behind the L symbol stands for the subsequent tempering tem-
perature. For instance, L-482 represents the L-hardened speci-
men subjected to a 482 °C (900 °F) tempering treatment for
2 h. Furthermore, the laser-hardened specimens after tempering
at various temperatures were sectioned transverse to the laser
scan direction to facilitate metallographic examinations and
microhardness measurements.

Figure 1 shows the dimensions of the Charpy impact speci-
men and impact fracture specimen, respectively, for the Auger
spectroscopy analysis used in this work. The notch tip was
located at the centerline of the hardened zone. The impact-
fractured appearance of laser-hardened specimen at room tem-
perature mainly consisted of the hardened zones on the outer
surfaces and an interior base metal that had been tempered
previously at 648 °C for 2 h. A scanning Auger microscope
(model 660, PerkinElmer, Eden Prairie, MN) was used to de-
tect the segregation of alloy elements. An in situ impact frac-
ture was made with the pressure reduced to 2 x107'° torr. The
segregation of impurities in the test sample was determined
from the peak height ratio of P and Fe. Fractographic obser-
vations of the impact-fractured specimens were made by a
Hitachi 4100 (Tokyo, Japan) scanning electron microscope
(SEM).

3. Results and Discussion

Figure 2 displays the microhardness depth profiles for laser-
hardened specimens with various laser scan rates. The laser
power was 1200 W, and the scan rates were set at 600, 800,
1000, and 1200 mm/min, respectively. In general, the hardened
zone was semi-elliptical in cross-section because the surface
heat was dissipated more rapidly via conduction at the bound-
ary of the hardened zone (not shown here). The microhardness
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Fig. 2 The microhardness profiles of the laser-hardened specimens
with different scan rates

was measured at the centerline of the hardened zone from the
hardened surface into the interior base metal. This revealed that
hardness decreased with increasing depth below the surface.
The result also indicated that the hardened depth decreased
with an increasing laser scan rate. Also, the as-hardened sur-
face hardness in the hardened zone scanning at different rates
could exceed 440 vickers hardness (HV).

Hardness vs the tempering temperature profiles for the steel
plate and laser-hardened specimen are shown in Fig. 3. Figure
3(a) displays the Rockwell hardness of the steel plate after
austenizing, quenching, and tempering treatments at various
temperatures. The as-quenched steel plate primarily consisted
of untempered martensite with a Rockwell hardness of HRC
42.8 (Fig. 3a). After the specimen was tempered at 482 °C (900
°F) for 2 h, the carbide precipitation caused a slightly second-
ary hardening effect with a hardness of HRC 43.1. It was noted
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Fig. 3 The effect of tempering temperature on hardness: (a) the
Rockwell hardness of the quenched steel plate tempered at various
temperatures; and (b) the microhardness profiles of the laser-hardened
specimens with various tempering conditions

that the decline of hardness for AISI 403 stainless steel sub-
jected to a 538 °C (1000 °F) tempering treatment was quite
obvious, in comparison with a hardness between the steel
plates tempered at 482 °C and 538 °C. A further decrease in
hardness was found for these specimens that were tempered
above 593 °C (1100 °F).

The curves for microhardness versus depth for laser-
hardened specimens tempered at various temperatures are dis-
played in Fig. 3(b). The specimens had been treated previously
at a laser scan rate of 1000 mm/min. Increasing the distance
below the hardened surface to a depth of about 1 mm into the
specimen interior, the hardness declined to the level of base
metal hardness for variously tempered specimens. The surface
hardness of the hardened zone in the as-hardened condition was
about 460 HV. For the laser-hardened specimen after temper-
ing at 482 °C (L-482 specimen), a secondary hardening effect
could also result in a slight increase in surface hardness, as
shown in Fig. 3(b). It displayed the same tendency for a change
in hardness as did the steel plate. A progressive decrease in the
surface hardness was found for the laser-hardened specimen
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Fig. 4 Impact energy of the quenched steel plate and the laser-
hardened specimens tempered at various temperatures

tempered at higher temperatures (e.g., L-593 and L-648 speci-
mens). The results also revealed that the hardness of the hard-
ened zone was the same as that of the base metal in the L-648
specimen.

To compare the difference in impact energy between the
steel plate and the laser-hardened specimen tempered at the
same temperature, the profiles of Charpy impact energy vs
tempering temperature for two types of specimens are shown in
Fig. 4. The laser-hardened specimen was processed at a laser
power of 1200 W and a laser scan rate of 1000 mm/min. It was
noted that the structure of the laser-hardened specimen is quite
similar to that of a composite material. It consisted of hardened
zones on the specimen’s outer surfaces and a soft interior base
metal. As the crack propagated along the laser track, the mea-
sured impact energy actually represented the overall effects
contributed by both the hardened zones and the interior base
metal. As shown in Fig. 3(b), the additional tempering treat-
ment below 648 °C had little influence on the decrease in base
metal hardness. Regardless of the tempering temperatures, the
laser-hardened specimens always had a higher impact energy
than the steel plate tempered at the equivalent temperature. In
addition, the impact toughness trough was found in both the
steel plate and the laser-hardened specimens that had been
tempered at 538 °C.

If the work piece was composed of the microstructure that
previously had been tempered above 648 °C (1200 °F), re-
verse-temper embrittlement might occur after a long duration
of service at 540 °C. In order to further confirm this evidence,
a steel plate tempered at 648 °C was selected to be retempered
at 538 °C, again for 2 h. Its impact energy dropped from
28 J-14 J. Thus, it clearly indicated that the AISI 403 stainless
steel was very sensitive to reverse-temper embrittlement. As
shown in Fig. 4, the decrease in impact toughness of the L-538
specimen could be partially attributed to the reverse-temper
embrittlement of the interior base metal.

It is worth mentioning that the laser-hardened specimens
tempered below 482 °C had a higher degree of hardness in the
hardened zone than did the base metal. Hence, the improve-
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Fig. 6 SEM fractographs of impact-fractured specimens showing (a) a quasi-cleavage fracture of the steel plate tempered at 482 °C for 2 h, (b)
an intergranular fracture together with few quasi-cleavages for the steel plate tempered at 538 °C for 2 h, (¢) a ductile dimple fracture of the steel
plate tempered at 648 °C for 2 h, and (d) a ductile dimple fracture of the laser-hardened zone tempered at 538 °C for 2 h

ment in wear resistance of such specimens would be antici- than the tempered steel plate. Hence, the application of laser
pated. Furthermore, the high impact toughness of such speci- surface treatment on AISI 403 stainless steel to modify the
mens also could resist unstable crack growth more effectively surface properties should be taken into consideration.
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Fig. 7 Auger spectrum obtained from the fracture surface (a) as the fractured grain surface and (b) after argon sputtering

Fig. 8 Metallographs of various regions in the laser-hardened specimen tempered at 538 °C: (a) optical micrograph showing the microstructure
of the near-surface region; and the microstructure of the (b) laser-hardened zone and (c) the base metal
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As mentioned previously, both the hardened zone and the
base metal had the same hardness in the L.-648 specimen. It
was noted that the impact toughness of the L-648 specimen was
obviously higher than that of the steel plate tempered at the
same temperature. Moreover, it was found that the impact en-
ergy of the laser-hardened specimen processed at a lower laser
scan rate could be higher than 50 J after a 648 °C tempering
treatment (not shown in this article).

Fractographs of impact-fractured specimens are shown in
Fig. 5. The steel plate that had undergone temper embrittlement
exhibited a rather flat fracture surface (Fig. 5a), which dem-
onstrated the characteristics of low fracture toughness. Mean-
while, the impact fracture of the laser-hardened specimen tem-
pered at 538 °C still consisted of shear lips on the outer
surfaces, as shown in Fig. 5(b). It indicated that additional
plastic deformation energy was required to extend the crack
growth. Hence, it was reasonable that the laser-hardened speci-
men had higher impact toughness than did the steel plate. It
was noted that the interior base metal of the impact-fractured
L-538 specimen showed a flat fracture feature, which could be
attributed to the effect of reverse-temper embrittlement therein.

SEM fractographs of impact-fractured specimens are shown
in Fig. 6. A quasi-cleavage fracture was found in the as-
quenched and 482 °C tempered steel plates (Fig. 6a). Fractures
mainly along prior austenite grain boundaries together with a
less extensive quasi-cleavage fracture indicated the detrimental
effect of temper embrittlement on the 538 °C tempered steel
plate (Fig. 6b). Furthermore, the fraction of intergranular frac-
ture decreased with increasing tempering temperatures above
538 °C. The fracture appearance of the specimen tempered
above 648 °C revealed a ductile dimple fracture (Fig. 6¢). In
contrast to crack growth along the grain boundaries for the steel
plate that had experienced a loss of impact toughness, the laser-
hardened zones were much more resistant to temper em-
brittlement, regardless of the tempering conditions. The laser
hardened zone exhibited a ductile dimple fracture, as shown in
Fig. 6(d).

An Auger spectrum from a freshly fractured specimen be-
fore and after argon ion sputtering is shown in Fig. 7. The
Auger spectrum obtained from an intergranular fractured sur-
face exhibited a considerable amount of P and C segregation
for the 538 °C tempered steel plate (Fig. 7a). After sputtering,
the grain boundary segregation of P and C diminished, as dis-
played in Fig. 7(b). Thus, P was the main residual impurity
responsible for the embrittlement of this alloy. Metallographs
of various regions for the laser-hardened specimens tempered
at 538 °C are shown in Fig. 8. It was found that the micro-
structure of the hardened zone was much finer than that of the
base metal (Fig. 8a). The microstructure in the hardened zone
was too fine to be resolved by the optical microscope (Fig. 8b).
In the future, further work remains to be done to identify the
microstructure by transmission electron microscope (TEM).
However, relatively coarse grain size was found in the base
metal when comparing Fig. 8(b) and (c). It was deduced that
the embrittling species distributed more uniformly in the re-
fined microstructure, and their concentration can be greatly
reduced along the grain boundaries owing to the increased
boundary area. Consequently, the improved impact toughness
of the laser-hardened specimen was primarily attributed to the
refined microstructures in the hardened zone.
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4. Conclusions

e A slight secondary hardening occurred for both the as-
quenched steel plate and the laser-hardened specimen tem-
pered at 482 °C for 2 h. A progressive decrease in surface
hardness was found for the laser-hardened specimens tem-
pered at a higher temperature. After tempering at 648 °C
for 2 h, the hardened zone had the same hardness as the
base metal.

e The impact toughness trough occurred for both the steel
plate and the laser-hardened specimens tempered at 538
°C. Regardless of the tempering conditions, the laser-
hardened specimen had a higher impact energy than did
the tempered steel plate. The fracture appearance of the
steel plate that had undergone temper embrittlement re-
vealed an intergranular fracture of the specimen. The laser-
hardened zone was more resistant to temper embrittlement
and exhibited a ductile dimple fracture despite the temper-
ing conditions.

e The improved toughness of the laser-hardened specimen
was attributed to the refined microstructures with lower P
concentration along the prior austenite grain boundaries in
the laser-hardened zone.
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