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Abstract

Many US Naval applications exist that require the use of steels with high strength and resistance
to fracture at low temperatures. NUCu-140 and 10 wt% Ni steel were developed as candidate
materials for use in naval and structural applications. However, prior to this research project, a
fundamental understanding of the phase transformation behavior under the high heating and
cooling rates associated with welding thermal cycles was not available for these alloys. For NUCu-
140, the potential use of multiple thermal cycles was investigated with HAZ simulations using a
Gleeble thermo-mechanical simulator. Microhardness measurements revealed no strength
recovery in the multipass HAZ samples. The time dependent precipitate characteristics were
modeled under the HAZ thermal cycle conditions, and the results showed that the lack of strength
recovery could be attributed to insufficient time for re-precipitation during the secondary weld
pass. Conversely, full strength recovery in the HAZ was observed in the isothermally heat treated
GTAW samples. Atom-probe tomography (APT) analysis correlated this strength recovery to re-
precipitation of the copper-rich precipitates during the isothermal PWHT. For 10 wt% Ni steel, the
effects of rapid heating and cooling rates associated with welding thermal cycles on the phase
transformations and microstructures were determined. Heating rate experiments demonstrate that
the Acs temperature is dependent on heating rate, varying from 848°C at a heating rate of 1°C/s to
1051°C at a heating rate of 1830°C/s. A continuous cooling transformation diagram produced for
10 wt% Ni steel reveals that martensite will form over a very wide range of cooling rates, which
reflects a very high hardenability of this alloy. These results were applied to a single pass GTAW.
The diffusion of nickel from regions of austenite to martensite during the welding thermal cycle
manifests itself in a muddled, rod-like lath martensitic microstructure. Additionally, with
increasing peak temperature of the thermal cycle, the volume fraction of austenite decreases
because of the destabilization of the austenite, brought on by the diffusion of Ni into the martensite
regions. The results of these studies show that the nickel enrichment of the austenite in 10 wt% Ni
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steel plays a critical role in phase transformations during welding. The findings of this research
study provides a scientific basis for eventual full-scale use of these alloys in welded construction
for naval applications.

Research on Cu-Bearing Steels

Research at Northwestern University has led to the development of a copper enriched
precipitation strengthened steel (NUCu-140) that provides several significant advantages relative
to currently used steels in terms of mechanical properties, cost, reduction of toxic welding fumes,
and weldability' 7. This steel can exhibit a yield strength of 150 ksi, an impact energy of 150 ft-
Ibs at room temperature. and 20% elongation to failure. The attractive mechanical properties have
been achieved with significant cost reduction through minimization of expensive alloying elements
(e.g. Mo, Cr, and V) and use of simple and inexpensive processing techniques. The use of NUCu
steel as a replacement for conventional structural plate material permits material and fabrication
cost savings approaching 20% - 35%. Furthermore, these steels do not contain Cr, which eliminates
the safety hazards associated with the formation of toxic hexavalent chromium in the welding
fume®.

Replacement of currently utilized materials with NUCu-140 cannot proceed without a
thorough understanding of the welding response under a wide range of processing conditions. This
knowledge was established in early research sponsored by the Office of Naval Research that
involved collaboration between Lehigh University and Northwestern University® 2. Since NUCu-
140 is a precipitation strengthened material, a detailed understanding is needed of the precipitate
evolution that occurs in the heat-affected zone (HAZ) as a result of welding thermal cycles. A
combination of dilatometry, HAZ simulations, LEAP tomography. modeling, and in-situ
mechanical testing was used understand the microstructure and mechanical properties that develop
in the HAZ of NUCu-140. LEAP tomography results demonstrated that local softening occurs as
a result of dissolution of the Cu-rich precipitates. MatCalc kinetic simulations and strengthening
calculations were conducted to model the observed precipitate and mechanical property trends.
The microhardness and tensile testing results demonstrated local softening in the HAZ of NUCu-
140 welds. The MatCalc simulations showed that a combination of partial dissolution, full
dissolution, and re-precipitation of the Cu-rich precipitates occurs in the various HAZ regions. The
predicted precipitate parameters were used as input to the Russell-Brown strengthening model to
reveal the expected reductions in strength due to changes in precipitate features. The measured and
predicted strength levels exhibited good very quantitative agreement for low heat input welding
simulations.

As part of this ONR Grant, these fundamental research results were extended to identify
simplified processing methods for restoring the loss in HAZ strength'®. This research took
advantage of the unique HAZ microstructure of this steel in which the precipitates exhibited
dissolution, but no coarsened region. This is highly unusual, as nearly all precipitation
strengthened materials form both a precipitate dissolution and coarsened region in the HAZ'"!3,
The presence of both the dissolution and coarsened regions necessitates a solution-quench-age post
weld heat treatment to fully restore the HAZ mechanical properties. Such a treatment is expensive,
time consuming, and cannot be practically applied to large structures. However, the absence of the
coarsened region in the HAZ of NUCu-140 provided the potential for developing a direct, low
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temperature age treatment without the need for the high temperature solution and quench steps of
the process. Successful development of such a simple treatment would have significant benefits as
it would help ensure full scale use of this alloy on the type of large structures of interest to the US
Navy. In this research two possible treatment routes were explored — controlled multiple thermal
cycles and direct aging. The research was fully supported by sophisticated modeling and
microstructural characterization to develop fundamental knowledge of phase transformations and
associated properties.

With the controlled multiple thermal cycle approach, the lower temperature thermal cycle
of a secondary weld pass was used in attempt to promote re-precipitation in the HAZ of the
previous weld pass. Welding with the use of multiple weld passes is common practice in the joining
of thick plates in naval applications. Figure 1 shows the Vickers microhardness measurements of
multi-pass HAZ simulated samples with a heat input of 0.75 kJ/mm. Each set of columns
represents an initial peak temperature while each column within the grouping represents a
subsequent secondary peak temperature or the as-welded condition. The base metal is represented
by the single column. These results show no statistical improvement in microhardness between the
as-welded (only initial peak temperature) and multi-pass weld HAZ for the 0.75 kJ/mm heat input
samples. Similar results were observed for the 1.5 kJ/mm heat input experiments. The higher
hardness in the coarse grain HAZ (CGHAZ) region as compared to the fine grain HAZ (FGHAZ)
is not due to any re-precipitation of Cu precipitates but is due to the formation of an acicular ferritic
microstructure and its fine substructure”!?, To better understand the microhardness results, the
evolution of the Cu-rich precipitates during the weld thermal cycles was modeled using the
MatCalc modeling code. The compositional dependence of interfacial energy and chemical driving
force are taken into account in MatCalc, which provides a significant improvement over the
classical nucleation, growth, and coarsening models when applied to the Fe-Cu system. The
modeling was conducted in two steps, where the initial base metal heat treatment was first
simulated, followed by the multi-pass weld HAZ thermal cycle. Precipitation modeling results for
the 0.75 heat input simulation are summarized in Figure 2. The results for the as welded condition
are plotted using a secondary peak temperature of 540°C for graphical purposes. It can be seen
from these results that there is no significant change in the precipitate phase fraction between the
single and multi-pass weld simulations for any combination of peak temperatures except for an
initial peak temperature of 1350°C, for which there is an increase in phase fraction after a second
weld thermal cycle. This demonstrates that there is insufficient time during the weld thermal cycle
for precipitate nucleation and growth.

Figure 3 shows more promising results associated with the direct aging heat treatment. In
this phase of the research, single pass Gas Tungsten Arc Welds (GTAW) were prepared on NUCu-
140 and used for direct age treatments at various times. Figure 3 shows the microhardness traces
across all regions of the weld in the as-welded condition compared to that after aging at 500°C for
various times. For all aging times, the samples display an increase in hardness in the HAZ and FZ
to levels higher than that of the base metal and as-welded HAZ. The hardness in the HAZ generally
increases with aging time from one to ten hours, with only a slight change from 10 to 16 hours.
The increase in hardness with aging time is most notable in the lower temperature region of the
HAZ. Also, it can be seen that there is no decrease in the base metal hardness after aging at 500°C
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for up to 16 hours. These observations are significant because they indicate that aging at 500°C
for one hour, or even possibly less time, is adequate for increasing the hardness of the HAZ and
fusion zone (FZ) without incurring any loss of hardness in the base metal. Similar results were
obtained for a direct age temperature of 550°C.
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Figure 1. Vickers microhardness of base metal and simulated weld HAZs in NUCu-140 using an
initial and secondary peak temperature for a heat input of 0.75 kJ/mm.
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Figure 2. Summary of MatCalc simulation results showing the change in phase fraction of Cu-
precipitates in NUCu-140 steel as a function of initial and secondary peak temperature for a heat
input of 0.75kJ/mm.

LEAP tomography was utilized to study the evolution of Cu precipitates in the HAZ, FZ
and base metal regions of the GTA welded sample and in the directly-aged sample and key results
are shown in Figure 4. The Cu precipitates were not detected in the HAZ (Figure 4b) and FZ
(Figure 4c) regions of the as welded sample. Re-precipitation of the Cu-precipitates occurred in
the FZ (Figure 4d) and the HAZ (Figure 4¢) regions in the directly-aged sample. The composition
of the Cu-rich precipitates, their interfaces, and the surrounding matrix was measured and is shown
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in Figure 5, which show enrichment of Ni, Al, and Mn at the precipitate/matrix interface and the
precipitate core. Local enrichment of these elements lowers the interfacial energy and hence the
coarsening rate of the Cu precipitates. The interfacial segregation also leads to the formation of an
ordered B2-Ni (Al, Mn) phase at the matrix/precipitate interface'® that serves as an effective barrier
to Cu diffusion. In the present study, the softening that occurred in the HAZ and FZ of the as-
welded sample was due to the dissolution of Cu precipitates and not due to their coarsening in
these regions. The dissolution of Cu precipitates in the HAZ and FZ of the as-welded sample and
the unaffected BM strength during PWHT at 500°C allows use of a simple direct aging isothermal
treatment to re-precipitate Cu precipitates in these zones, thus avoiding the solution-quench-age
process typically required of other precipitation hardened alloys after welding.
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Figurc 3. Microhardness traverses for the as-welded NUCu-140 GTA weld sample and for the
NUCu-140 GTA weld sample aged at 500°C for various aging times.
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Figure 4. 3-D APT reconstructions of the samples that represent (a) BM, (b) FZ, (¢c) HAZ, (d) FZ
500, and (e) HAZ 500 regions. Cu precipitates are delineated by Cu-10 at.% isoconcentration

surfaces (shown in red).
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Figure 5. Proximity histogram concentration profiles of Fe, Cu, Ni, Al, Mn and Si across the a-
Fe/Cu precipitate interface, obtained from the Cu precipitates in the FZ 500 regions of the
NUCu-140 GTA weld sample that was directly aged for 10 hours at 500°C.

MatCalc modeling of the Cu precipitates was done for every combination of peak
temperature, aging temperature, and aging time to gain a basic understanding of the precipitation
kinetics. A summary of the predicted evolution of Cu precipitate phase fraction for each of the
simulated HAZ regions during the PWHT at 500 is displayed in Figure 6. Results are shown for
the various peak temperatures of interest as noted on the figures — 800, 900, 1150, and 1350°C.
Results for the base metal are also shown for comparison. The phase fraction reaches its maximum
of one volume percent after aging for one hour at 500°C. This is in agreement with the hardness
measurements. The simulations for samples aged at 550°C show similar trends.

These results carry significant scientific and practical implications as they demonstrate
that: 1) local segregation of select elements to the matrix/precipitate interface can be used to
eliminate coarsening during the weld thermal cycle and 2) as a result, the mechanical properties
can be restored with a simple low temperature direct age treatment. This represents the first study
of its kind to demonstrate in detail that segregation can be used to eliminate precipitate coarsening
in the HAZ, and also provides knowledge into the reason for eliminating the coarsening.
Application of this knowledge to develop low temperature PWHT processes will help ensure this
alloy can be utilized for large structures of interest to the US Navy.
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Figure 6. Summary of MatCalc simulation results showing variation in phase fraction of Cu-
precipitates in NUCu-140 steel in BM and various HAZs as a function of aging time during
isothermal PWHT at 500°C.

Research on 10 wt% Ni Steel

10 wt% Ni steel was developed to be used in naval applications, therefore both the strength
and toughness of the steel is important. While it has already been proven that the steel has excellent
strength and toughness'”'8, the effect of welding on these properties was not known at the
beginning of the research project. The first part of the project studied the effects of heating and
cooling rates on phase transformations in the steel, and their application to gas tungsten arc
welding. Heating rate experiments were performed at two heating rates: 1°C/s and 1830°C/s to
two peak temperatures, 1000°C and 1250°C. Figure 7 presents the curves of dilation as a function
of temperature and their corresponding derivative for the heating rate experiments performed.
Figures 7A and 7C show the curves for a slow heating rate of 1°C/s to peak temperatures of 1273
K (1000°C) and 1523 K (1250°C), respectively, while Figures 7B and 7D show the curves for a
rapid heating rate of 1830°C/s to peak temperatures of 1273 K (1000°C) and 1523 K (1250°C),
respectively. The critical temperatures Ac; (the temperature where austenite begins to form) and
Acj (the temperature where the sample has completely transformed to austenite), are indicated on
the figure. The dilatometry plots in Figure 7 show that for the sample heated to a peak temperature
of 1273 K (1000°C), at a 1°C/s heating rate, the Ac; temperature is 783 K (510°C) and the Ac;
temperature is 1115 K (842°C), whereas at an 1830°C/s heating rate, the Aci temperature is 861
K (588°C) and no Acs temperature is observed. The evidence in Figure 3B that there is no Acs
temperature is that the slope of the derivative of the dilation never returns to zero, as the curve
continues to be negative even after the large deviation in slope. For the samples heated to a peak
temperature of 1523 K (1250°C), at a 1°C/s heating rate, the Ac; temperature is 836 K (563°C)
and the Acs temperature is 1121 K (848°C), whereas at an 1830°C/s heating rate, the Aci
temperature is 864 K (591°C) and the Acs temperature is 1324 K (1051°C). These results show
that the Acs temperature has a strong dependence on heating rate. These results are significant for
welding because the large temperature range between the Ac) and Acs temperatures at high heating
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rates will produce a large ICHAZ region. This is an important consideration when interpreting the
HAZ microstructures. The experiments performed to determine the effects of cooling rate have
shown that unlike current naval steels, the phase transformation behavior in 10 wt% Ni steel is
highly insensitive to the cooling rate. Figure 8 shows this in the form of a Continuous Cooling
Transformation (CCT) diagram that was recently developed through dilatometry measurements
conducted on a Gleeble. This diagram shows that the Ms and My temperatures are relatively
constant across all the cooling rates. The Ms temperature is 685 + 38 K (412°C) and the My
temperature is 466 + 8 K (193°C). Furthermore, this CCT diagram is significant because it shows
that martensite will form over a very wide range of cooling rates, which reflects a very high
hardenability of 10 wt% Ni steel.
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Figure 7. Dilatometry (black lines) and differentiated dilatometry (red lines) for the heating rate
experiments. (A) and (B) were heated to a peak temperature of 1273 K (1000°C), while (C) and
(D) were heated to a peak temperature of 1523 K (1250°C). Austenite start (Ac;) and finish (Ac3)
temperatures are labelled accordingly.

Figure 9 shows a microhardness trace made across the cross-section of an autogenous,
GTAW on QLT 10 wt% Ni steel weld. The results show that the hardness peaks at some finite
distance from the fusion line, and the hardness in any region of the HAZ is never below the base
metal hardness. Based on the microhardness results, select regions were chosen for



characterization and these regions, labelled A through F, are indicated on the microhardness trace
in Figure 9. Figure 10 shows a scanning electron microscopy (SEM) micrograph of the base metal,
to serve as a comparison. The base metal matrix consists of tempered lath martensite, which has a
rod-like morphology. The rod-like light etching regions are consist of martensite + austenite, and
appear lighter because of the high nickel content. There is also a coarse martensite constituent,
indicated with arrows, and this constituent has been observed in similar 9 wt% and HSLA steels!®
21, Figure 11 shows SEM micrographs of the various HAZ regions chosen for analysis. Using these
micrographs, the microstructural evolution through the HAZ can be summarized as follows:
Within the HAZ closest to the base metal, the appearance of the coarse martensite is different as
some internal structure within the coarse martensite is seen in Figure 11A (indicated with arrows).
The higher hardness of region A compared to the base metal suggests that some transformation on
heating has occurred with as-quenched martensite forming on cooling. With further distance from
the unaffected base metal, the coarse martensite disappears, first observed in Figure 11B. The
disappearance of the coarse martensite is coincident with larger regions that appear to have
transformed, which is circled in Figure 11B. At the highest hardness region, which is Figure 11C,
the microstructure is a mixture of as-quenched lath martensite and rod lath martensite. With
decreasing distance to the fusion line, the fraction of as-quenched lath martensite increases while
the fraction of rod lath structure decreases. Figure 11E shows that the rod lath structure becomes
increasingly muddled. Eventually, the rod structure is completely replaced by as-quenched lath
martensite, which occurs beside the fusion zone. The microstructure next to the fusion zone in
Figure 11F is a mixture of as-quenched lath martensite and coarse martensite.
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Figure 8. Continuous cooling transformation diagram for 10 wt% Ni steel.

Local electrode atom probe (LEAP) tomography was performed at Northwestern
University on the base metal, region B, and region C. Figure 12 shows the 3D-reconstructions of
the 3 regions. The base metal and region B both show M»C carbides, whereas there are no carbides
in region C. The compositions of the martensite and austenite were extracted from these
reconstructions and are presented in Table 1. The concentration of Ni in the Ni-enriched region is
lowest in Region C, intermediate in Region B, and highest in the base metal, whereas in the
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martensite, the concentration of Ni is highest in Region C, intermediate in Region B, and lowest
in the base metal. This suggests that during heating, the Ni is diffusing across the
martensite/austenite interface from the high Ni regions to the martensite. A likely consequence of
the lack of carbides in region C is that the carbon concentration in the austenite is higher than
region B and the base metal, suggesting that carbides may have dissolved in this region.

It was mentioned that the rod lath structure becomes muddled with increasing distance
from the fusion zone. This was also observed in the heating rate experiments. Figure 13 shows the
microstructure of the heating rate sample that was heated at 1°C/s to a peak temperature of 1000°C.
Based on the dilatometry results in Figure 7, this sample undergoes a complete transformation to
austenite during heating, and during cooling this austenite transforms completely to as-quenched
martensite. However, there is a subtle difference in the microstructure. There are two highlighted
regions in Figure 13, labelled 1 and 2. Comparing the two areas, region 1 has dark contrast
reminiscent of the rod lath structure whereas region 2 does not. This remnant rod structure would
suggest that the sample did not fully transform to austenite during heating, but the dilatometry
curves confirm that this sample did completely transform. As was described for the base metal,
the light etching, rod features are regions of martensite + austenite, and the light etching is an effect
of the high Ni concentration of these regions. Also, it is known that Ni is diffusing across the
martensite/austenite interface during welding. Since Ni diffusion in Fe is one of the slowest
diffusing elements, there is not enough time during heating for the Ni to completely homogenize,
so the residual rod lath microstructure is still observed because of the remnant compositional
differences. This is unusual and has not previously been observed in quenched and tempered steels.
This makes it difficult to distinguish microstructures in the HAZ of 10 wt% Ni steel that were
heated to above the Ac; temperature from those that were heated to intermediate temperatures
between Ac) and Acs.
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Figure 9. Microhardness trace across the gas tungsten arc weld that was made on 10 wt% Ni steel
base plate. Circled indents are regions used for analysis.
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Figure 10. Microstructure of the base metal. Coarse martensite constituent indicated by arrows.

Having established the phase transformations that occur with heating and cooling in 10
wt% Ni steel, the mechanical properties were evaluated in the HAZ. Samples were prepared in a
Gleeble 3500 thermo-mechanical simulator using thermal cycles generated by Sandia’s Smartweld
program?* for a range of peak temperatures that would be experienced in an actual weld. Eight
peak temperatures were chosen to match microstructures exhibited in the GTAW, and the
simulated thermal cycles for these peak temperatures are shown in Figure 14. The designations of
the regions of the HAZ in Figure 14 are based on the heating rate experiments in Figure 7. Figure
15 shows how the retained austenite content, impact toughness at room temperature, and yield
strength each vary as a function of the peak temperature within the HAZ. The yield strength results
are shown in red, and they demonstrate that the highest strength is in the 825°C peak temperature
sample, which is an ICHAZ sample. High strength is also observed in peak temperatures of 925,
1000, and 1150°C. The Charpy impact toughness is shown in black. The results show that there is
low toughness in the peak temperature regions of 825, 925, and 1000°C. Since 10 wt% Ni steel is
a TRIP-assisted steel, its toughness depends on the retained austenite content''®, Therefore, the
retained austenite content was evaluated for each peak temperature, and these results are shown in
blue in Figure 15. There is a trend of decreasing retained austenite content with increasing peak
temperature, The trend of decreasing retained austenite with increasing peak temperature was
initially thought to be a concern for the toughness of these regions. The same trend of decreasing
retained austenite content with increasing peak temperature was observed for similar 9 wt% Ni
steels. In research by Nippes and Balaguer?® and Jang ef al.**, the toughness of the HAZ was
directly related to the retained austenite content, as a decrease in retained austenite produced a
decrease in the toughness. For 10 wt% Ni steel, the toughness does decrease with decreasing
retained austenite content only up through a peak temperature of 1000°C. For the peak temperature
of 1150°C, the retained austenite content is 1.2 + 0.7 vol%, but its toughness is 106 + 6 ft-lbs,
which in fact is nearly the same as the base metal values of 106 + 2 ft-1bs. The toughness of the
1250 and 1350°C peak temperatures is also quite high at 85 + 4 and 95 + 3ft-1bs, respectively, with
almost no detectable retained austenite. Therefore, the high impact toughness must be provided by
a mechanism other than retained austenite. This idea that the retained austenite is not the only
microstructural factor affecting toughness is further reinforced by comparing the impact toughness
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of the peak temperatures 725 and 825°C. Both samples have similar retained austenite values.
however, the toughness of 725°C at 99 + 8 ft-1bs is nearly double 825°C at 54 + 0 fi-Ibs.

treated base plate. The regions (A). (B), (C), (D), (E), and (F) correspond to the circled indents
on the microhardness trace in Figure 9.
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Figure 12. Local electrode atom probe tomography 3D reconstructions for the (A) base metal,

(B) region B, and (C) region C. Fe atoms are in blue, Ni atoms are in green, Mo and Cr are in red
and pink, respectively

Table 1. Composition of 10 wt% Ni steel. The nominal overall composition was measured by
optical emissions spectroscopy. The compositions of martensite and austenite were measured
using the LEAP tomography from Figure 12. All compositions are in wt%.

Nominal
overall

Martensite
(BM)
Martensite
(region B)
Martensite
(region C)
Austenite
(BM)
Austenite
(region B)
Austenite
(region C)

Fe

87.50

024 +
0.12

89.66
+0.52

88.24
+ (.49

77.73
+0.20
80.05
+0.31

80.03
+0.26

C

0.47

0.08 +
0.01

0.07 £
0.03

0.33 +
0.09

0.37 £
0.03

0.96 +
0.07

2.67 +
0.11

Ni
9.22

6.00 +
0.10
7.69 +
0.46

8.71 +
0.43
18.26
+ (.19
15.51
+ 7.69

13.78
+0.23

Mo

0.90

0.24 +
0.02
0.39 +
0:1:1

0.36 +
0.09

0.31 £+
0.03
0.57 +
0.06

0.48 +
0.04

\Y

0.07

0.02 £
0.006

0.04 +
0.03

0.05+
0.03

0.02 +
0.01
0.09 +
0.02

0.07 +
0.02

Cr

0.70

0.54 =
0.03

0.65
+0.14

0.65+ |

0.12
0.88 +
0.05
0.83 +
0.07

0.83 +
0.06

Mn

0.65

0.29 +
0.02

0.62
0.13

0.88 +
0.14

1.64 +
0.06
1.13 +
0.08

137 &
0.07

Si
0.36

032+
0.02

0.64 £+
0.13

047 +
0.10

0.36 +
0.03

045+
0.05

044+

0.04

Cu

0.14

0.07 £
0.01

0.12 £
0.06

0.12 +
0.05

0.29 +
0.03
0.21 +
0.04

0.23 +
0.03

The LEAP results, though performed on the GTAW, are useful for interpretation of the
mechanical property trends. As previously discussed, during the welding thermal cycle, the Ni
diffuses from the austenite to the martensite. Since Ni is an austenite stabilizer™, it is suggested
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that the Ni diffusing out of the austenite is making the austenite less stable, so on cooling, the
austenite transforms to martensite instead of being maintained as retained austenite. Thus, with
increasing peak temperature, there is less retained austenite present at room temperature because
the Ni has begun to homogenize across the microstructure. The LEAP results can also help to
explain the low toughness and high strength of the ICHAZ. Region C in the GTAW is an ICHAZ
region, and the reason for that was determined from the hardness of the simulated HAZ regions.
The hardness of the SCHAZ, which was heated to a peak temperature of 550°C is 331 + 5 HV.
From the hardness plot in Figure 9, the hardness of the base metal is 335 + 6 HV. This shows that
there is no statistical difference in the hardness of the base metal or the SCHAZ. Since the hardness
of region A in the GTAW is 360 HV, which is harder than the base metal, this suggests that region
A 1s the beginning of the ICHAZ. Therefore, regions A through D are part of the ICHAZ. As was
previously described, no carbides were found in region C in the LEAP reconstructions. As shown
in Table 1, the carbon content of the Ni-rich region in region C is 2.67 + 0.11 at% which is much
higher than any other region. This suggests that a carbide has dissolved in this region. Since the
ICHAZ regions have half as much austenite as the base metal, some of that austenite is
transforming to as-quenched martensite on cooling. Therefore, this high carbon austenite is
transforming to martensite during cooling. The hardness of as-quenched martensite is directly
proportional to the carbon content, so this high carbon martensite is likely very hard and can act
as a local brittle zone?. Since carbon is a fast diffuser, at the higher peak temperatures there is
more time for diffusion so the carbon can homogenously distribute over the microstructure,
thereby eliminating the high carbon martensite, so the toughness is higher in the 1150°C, 1250°C,
and 1350°C peak temperature samples. Therefore, the cause for the high strength and low
toughness in the ICHAZ is local brittle zones caused by high carbon martensite. This is significant
because it was previously thought that the retained austenite was the sole factor in determining the
toughness of 10 wt% Ni steel. However, the ballistic resistance of the steel was not investigated in
this study and the results for ballistic resistance and toughness can be very different, therefore, it
1s suggested that ballistic resistance studies be performed as a function of peak temperature as well.

? 1% W, Vo AE ig 1
Figure 13. SEM micrograph of the samples used for the heating rate studies that was heated at
1°C/s to a peak temperature of 1000°C.
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Figure 14. SmartWeld calculated thermal cycles for a heat input of 1500J/mm. The peak
temperautre HAZ designations are based on the results of the heating rate study.
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Conclusions
Recent ONR-sponsored research lead by Lehigh University (in collaboration with Northwestern
University) has developed a fundamental understanding of phase transformations and mechanical
properties in the HAZ of NUCu-140 steel and 10 wt% Ni steel. The following conclusions can
be drawn from this work:

1. NUCu-140:

a. Welds on NUCu-140 exhibit local softening in the fusion zone and heat-affected
zone as a result of the fusion weld thermal cycle.

b. Multipass weld simulations did not produce an increase in hardness of the heat-
affected zone after a high initial peak temperature followed by a lower secondary
peak temperature. MatCalc simulations indicate that the time is too short to
promote significant re-precipitation of the Cu-rich precipitates during the
secondary weld thermal cycle.

c. Isothermal post-weld heat treatments of GTA welds at 773 and 823 K (500 and
550°C) demonstrated an increase in hardness of the fusion zone and heat-affected
zone to levels above that of the base metal. Short aging times of 0.25 hour at 823
K (550°C) and 1 hour at 773 K (500°C) were adequate to increase the hardness of
these zones to levels above that of the base metal.

d. APT results and MatCalc simulations demonstrated that the softening in the heat-
affected zone of the NUCu-140 weld is the result of the dissolution of the Cu-rich
precipitates during the heating portion of the weld thermal cycle followed by little
or no re-precipitation upon cooling. The dissolution of Cu precipitates in these
zones combined with their negligible coarsening at aging temperature of 773 K
(500°C) permits the use of a simple direct-aging treatment at 773 K (500°C)
(without a prior solutionizing-quenching step) to recover the hardness in softened
zones in NUCul40 without affecting the BM hardness.

2. 10 wt% Ni steel:

a. The Aci and Acs temperature of the steel are dependent on heating rate. The Ac)
and Ac; temperatures when the sample is heated at 1°C/s are 836 K (563°C) and
1121 K (848°C), respectively, and the Aci and Acs temperatures when the sample
is heated at 1830°C/s are 864 K (591°C) and 1324 K (1051°C), respectively.

b. There is a large dependence on heating rate for the Acj temperature. This is
significant for welding because the large temperature range between the Ac; and
Acs temperatures at high heating rates will produce a large ICHAZ region. The
mechanical property results demonstrate that this is the most concerning region of
the HAZ because of the low toughness.

c. The CCT diagram shows that martensite will form over a very wide range of
cooling rates, which reflects a very high hardenability of 10 wt% Ni steel. The Mg
temperature is 685 + 38 K (412°C) and the My temperature is 466 + 8 K (193°C).

d. With increasing peak temperature of the thermal cycle, the volume fraction of
retained austenite decreases. The LEAP tomography results suggest that this is
due to the destabilization of the austenite brought on by the diffusion of Ni out of
the austenite.
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e. The toughness is lowest in the ICHAZ regions. The low toughness is a result of
the dissolution of MaC carbides during welding. When the carbides dissolve, they
leave behind a region of high carbon content, which when cooled, transforms to
brittle, as-quenched martensite.
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