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Table 1. Composition (in wt%) of 10 Ni wt% Ni Steel
Element
wt%

Fe

C

Ni

Mo

V

Cr

Mn

Si

Bal 0.1 9.64 1.53 0.06 0.65 0.64 0.18

Cu
0.16

Objectives and Experimental Approach
QLT 10 wt%
Ni steel

HSLA 100

0.2% Yield Strength, MPa
20 mm FSP Ballistic Limit, %V50B

• Newly developed 10 wt% Ni steel shows great
promise as a candidate naval steel because of its
high strength, toughness, and superior ballistic
resistance, as shown in Figure 1 compared to
other Ni steels and the naval steel, HSLA 100
• Its properties are achieved through the
mechanically induced transformation of austenite
to martensite (i.e., a TRIP steel)
• The austenite is formed during a three-step,
quenching, lamellarizing, and tempering (QLT)
heat treatment
• During this heat treatment, the austenite is
stabilized primarily by nickel
• Before this alloy can be considered for full-scale
use, the effects of thermal cycles associated with
welding on this carefully controlled
microstructure, must be investigated

20 mm FSP Ballistic Limit, %V50B

Background and Motivation
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Charpy Energy at -120°F, J
Figure 1. Comparison of ballistic limit versus
mechanical property plots for QLT treated 10% Ni
steel and other steels [1].

• Research Objective: Use Scanning Transmission
Electron Microscopy (STEM) to rationalize
mechanical behavior in the heat-affected zone (HAZ)
of 10 wt% Ni steel
• HAZ samples were simulated in a Gleeble thermalmechanical simulator. Figure 2 shows the calculated
thermal cycles.
• The yield and tensile strength, Charpy impact energy,
and austenite content was determined
Figure 2. SmartWeld [2] calculated thermal
• Scanning electron
cycles for a nominal heat input of 1500 J/mm.
microscopy (SEM) was
The HAZ designations are from previous
performed
heating rate experiments [3].
• Samples for STEM were prepared via focused ion beam lift out
• STEM was performed on the base metal and 925°C peak
temperature sample using Lehigh’s atomic resolution STEM (Fig 3)
— Bright field (BF) images and high-angle annular dark field
(HAADF) images were collected
— Energy dispersive X-ray spectroscopy (EDS) mapping was
Figure 3. Aberration-corrected
performed and quantified using the ζ-factor method
JEOL JEM-ARM200CF STEM
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Figure 5. SEM micrographs of the base metal, 925°C peak temperature, and 1350°C peak temperature.
[5]) and smaller carbides
Mo
• Figure
shows that the base metal microstructure consists of rod-like tempered lath martensite
enriched in V (most likely the
HAZ Cycle
Peak5Temperature
and coarse martensite
MC type [5]).
• Comparing the Mo & V maps, there are fewer carbides in 925°C than in the base metal. This
• Despite the dramatic difference in mechanical properties, the microstructure of 925° looks
demonstrates that the carbides are partially dissolving during the thermal cycle.
similar to the base metal. This demonstrates the need for more advanced characterization.
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Mechanical Property Results:

• For comparison, the 1350°C microstructure looks completely different than the base metal

Results and Discussion

Conclusions

• Comparing the Ni maps in Figure 7,
925°C
Base Metal
the Ni regions in 925°C are more
diffuse and not as strongly enriched in
Ni as the base metal.
• This shows that during the thermal
cycle, the Ni diffuses out of the highly
enriched regions into the surrounding
22 at%
depleted areas.
Figure 7. Ni Kα maps from the base metal and 925°C region (shown in • Thus during cooling, these less
Figure 6) showing the quantitative Ni distribution.
enriched Ni regions in 925°C
• transform to martensite because Ni is responsible for stabilizing austenite in this alloy. This
explains the decreasing amounts of austenite in the higher peak temperature samples.
• Figure 8 shows atom probe results from a GTAW of 10 wt% Ni steel [5] of the same region as
• 925°C. It shows that there are no carbides,
but instead there is a very high carbon
concentration in the Ni-rich region.
• Therefore, the partial dissolution of
carbides (in Figure 6) creates regions of
brittle, high carbon AQ martensite. This is
responsible for the low toughness of 925°.
• The toughness improvement in 1150°C and
higher is because carbon has more time to
Figure 8. (Left) 3D atom probe reconstruction from the HAZ of a
evenly distribute throughout the
10 wt% Ni steel GTAW. (Right) Proximity histogram
concentration profile across the Fe-rich and Ni-rich interface [5].
microstructure during the thermal cycle.

• The highest strength of the HAZ is exhibited in the ICHAZ regions. The high strength is from
the formation of highly dislocated, as-quenched martensite and high carbon martensite. It is
impossible to identify the as-quenched martensite in the ICHAZ regions without STEM.
• With increasing peak temperature, the amount of austenite present in the microstructure
decreases. During the welding thermal cycle, Ni diffuses out of the highly enriched areas, thus
during the cooling portion of the thermal cycle, these areas transform to martensite.
• Despite 10 wt% Ni steel being a TRIP steel, its toughness is not solely determined by the
austenite amount. The low toughness of the ICHAZ regions is due to the presence of brittle,
high carbon martensite.
• Methods to mitigate these low toughness regions such as controlled multiple-pass welding or
post weld heat treatment could be considered in future research.
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