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Abstract

AerMet” 100 is a high strength, high fracture toughness alloy designed for use in
aerospace applications. In previous work the welding behavior of this alloy has been evaluated,
and it has been shown that a softened region in the heat-affected zone (HAZ) is a principal
feature of the weld zone. A model for this softening, based on classical theories of precipitate
coarsening and isothermal softening data, was developed and found to provide a reasonable
description for weld thermal cycle simulation (Gleeble ) experiments. Recent work has shown,
however, that softening in real welds is not always well predicted by this model, so that
additional effects, which are not captured in conventional Gleeble thermal cycle simulations
must be addressed. In particular, the stresses associated with real weld HAZ’S may modify the
softening kinetics. In the current work, Gleeble simulations in both stress-free and stressed
conditions have been conducted and the kinetics compared. The accuracy of the thermal model
predictions have also been considered regarding their impact on estimated hardness values.
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Introduction

Secondary hardening martensitic steels are commonly used for applications where high
strength and the retention of hardness at elevated temperatures is important. AerMet” 100 is
one such steel that was initially developed for the marine aerospace industry as it has an
excellent combination of yield and tensile strengths, 255 and 285 ksi respectively, elongation,
14%, and fracture toughness, 105 ksi in”z. Furthermore, AerMet@100 alloy is very weldable,
both from fabrication and service perspectives, and therefore has found a variety of commercial
and defense applications.

While the weldability of AerMet@ 100 is very good, a limiting factor during service has
been found to be softening in the heat affected zone which is directly related to overaging of the
precipitates. [’] Figure 1(a) is an image of a single weld bead on a plate of aged AerMet” 100.
Hardness measurements of the weld region, Figure l(b), show three distinct regions: (1) A
fusion zone, where the weld metal solidifies from a liquid state; (2) The heat affected zone,
(HAZ) which is actually comprised of a near (close to the fusion zone) and far (away from the
fusion zone) region, that has been heated to temperatures high enough to cause property
changes in the material; (3) The base material that has been unaffected by the welding
process. The hardness values can be seen to increase from a minimum in the fusion zone to a
maximum before the far heat affected zone. The hardness then goes through another minimum
before returning to the properties of the base plate. After welding, a post weld heat treatment is
applied and it is found that the fusion zone and near heat affected zones respond to post-weld
aging by increasing in hardness, dashed line Figure 1(a). However, the minimum in the far heat
affected zone does not respond the post weld heat treatment. Previous transmission electron
microscopy studies have revealed that the strengthening precipitates in this region are
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Figure 1. Single weld bead on a plate of AerMet@100: (a) cross section micrograph (b)
microhardness profile form fusion zone into the base metal. The hardness values after
welding, dots and solid lines, increase in value, dashed line, after a post weld heat treatment.
However, the minima in the far heat affected zone remains even after the post weld heat
treatment.
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significantly coarsened, leading to an overaged microstructure. ‘2] Since particle coarsening is
directly related to decreases in hardness, accurately predicting the behavior of welded AerMet@
100 requires a model of the overaging that occurs during the HAZ thermal cycle.

While there has been a substantial amount of work done to understand the overaging of
precipitates in materials}24] very little work has been done on the coarsening of rapidly thermal
cycled materials. Modeling of rapid thermal cycles usin conventional coarsening theory and

7the additivity rule has been explored in previous studies.[’ However, modeling the overaging in
the heat affected zone may require incorporation of factors that are not considered in typical
isothermal overaging studies. [n particular, significant stresses can occur during welding as a
result of the steep thermal gradients that are present in and around the weld. It has been
shown that one of the factors that can enhance particle coarsening is plastic stress. [5]
Therefore, this study will examine the effect of stress on the hardness of rapidly thermal cycled
AerMet@ 100. The applicability to stressed cycles, of the model previously developed for
unstressed coarsening will also be examined.

Experimental

Physical Simulations

To explore the effects of stress on the softening of AerMet@ 100, a Gleeble 1500
thermomechanical simulator was used to simultaneously heat and load specimens. Cylindrical
specimens that were 9.53 mm in length by 6.35 mm in diameter were made from fully aged rods
of AerMet@ 100. A Cr-Al thermocouple was then percussion welded to the specimens to
monitor and control the thermal cycle. The specimens were then thermally cycled, and one of
the following three loading conditions was simultaneously applied. Unstrained tests allowed the
specimens to expand freely during the thermal cycle, imparting no stress to the specimen.
Naturally strained tests were conducted by locking the specimen grips so that the thermal
expansion of the material was axially constrained. The constrained thermal expansion,
therefore, imparted a stress to the specimens. Plastically strained specimens were tested by
applying a strain to the specimen that increased linearly with the temperature cycle to a value of
approximately 10?40axial plastic strain. All tests were conducted in a vacuum purged chamber
that was backfilled with argon. The thermal cycles spanned a range of peak temperatures from
460°C to 91O°C in 50°C increments. The thermal cycles were chosen such that they would
simulate those thermal cycles generated by a weld heat input of 945 J/mm in a 12.7 mm thick
plate. A typical thermal cycle can be seen in Figure 2. To examine the effect of stress on the
austenite transformation start temperature, dilatometry was performed on selected thermally
cycled and stressed specimens. The diametral dilatation was recorded using a high-resolution
dilatometer while the specimens were simultaneously thermally cycled and stressed.
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Figure 2. Typical thermal cycle of a weld simulation used in this study.

Model

A model was previously developed for overaged AerMet@100 that predicts the hardness
of a thermally cycled sample. The main features of the model are presented below and
additional detail can be found in the work presented by Robino et al.[’] [t is first assumed that
hardness is proportional to shear strength and that analysis for the strengthening effect of
incoherent precipitates appIies:[2]

ayb
Hccr=—

a
[1]

where H is the hardness, z is the shear strength, a is a geometric factor, ~ is the shear modulus,
b is the burgers vector, and L is the interparticle spacing. For overaging, the volume fraction of
precipitates is assumed constant, so that A is proportional to the assumed spherical precipitates
of radius r. Since the other parameters in equation 1 are constant, the following microstructural
relationship is obtained:

1
Hcci..

To relate the kinetics of particle coarsening, classical coarsening kinetics ‘24’6’7]are used:

[2]

[3]

where $ is the mean initial particle radius and it is the particle radius at any time t. The
coefficient Kin Equation 3 is generally given by an equation of the form:

8 D&v.c.(m) f@),
K =—

9 RT
[4]
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where D is the diffusivity, a
Ca(m) is the volubility of the

is the interracial energy, V~ is the molar
solute, R is the ideal gas constant, T is the

is a function which depends on the particular coarsening theory that is chosen (f(~) = 1 for the

volume of precipitate,
temperature, andf($)

LSW theory). [f it is-assumed that all factors other than the diffusivity are not functions of
temperature and the temperature dependence of D can be represented by an Arrhenius type
relationship[a], Equation 4 can be written:

K=q ‘x~~)
T

[5]

where KI is a constant representing non-temperature dependent terms. Combining Equations
3 and 5 yields an expression for the coarsening rate as a function of time and temperature:

(-Q
)‘Xp(fi ~

f:=~3+K1
T

[6]

Substitution the kinetic expression, Equation 6, into the microstructural relationship, Equation 2,
results in the following linear relationship:

Hcc K2a H= Ho+mK2 [7]

where:

K, = ()-QKlt exp —
RT

F03+ T

1.-
3

[8]

The expression for Kz is easily calculated for long time isothermal experiments. However, short
9“0] to account for the temperaturetime, athermal experiments require use of the additivity rule[

cycle.

‘ dt =1
J~t=(T)

where t is the time and L(T) is the time to reach the given
equation 8 into equation 7 and solving for the time yields:

r. \3

[9]

hardness isothermally. Substituting

ta(T) =
‘[bf-HoJ -“]

()
-QK, exp —
RT

[101

Using equation 10, it then becomes easy to solve the additivity integral by using a goal seek
routine to find the hardness value, H, that satisfies the integral. Alternatively, the thermal cycle
can be broken in segments that are then solved sequentially.
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Results and Discussion

The cylindrical AerMet@100 specimens were tested using the three different conditions
specified previously. After being thermally cycled and stressed, the specimens were removed
and sectioned with a water cooled abrasive saw. Hardness measurements were then taken at
five different points on the sectioned sutface at approximately one third of the distance from the
outside of the bar to the center. Vicker’s microhardness testing was performed on some of the
initial samples radially from the center to the outer edge to examine the hardness variations
throughout the cross-section. No microhardness difference was noted so a distance of one third
was chosen to allow for five tests to be performed while eliminating any interference between
adjacent tests. The average hardness data was then plotted as a function of the peak
temperature, Figure 3, with error bars referring to the standard deviation in the tests.
Preliminary examinations of the hardness data seems to indicate that the strained tests have
hardness values less than those of the unstrained tests. However, close examination of the
data reveals that the differences between the strained and unstrained tests are small and at
some temperatures, such as 660 and 71O°C, the plastically deformed specimens were actually
higher in hardness.

While analyzing the results on the basis of the peak temperature alone is very
convenient, it is not necessarily indicative of the actual behavior. Although each specimen is
subjected to the same programmed thermal cycle at a given peak temperature, there are
variations in the actual thermal cycle from test to test. It therefore becomes important to
account for the actual temperature cycle that each specimen undergoes. The model described
earlier, combined with the additivity rule, was used to analyze and account for each temperature
cycle. The cycles were compared by using the model with the input parameters generated from
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Figure 3. Hardness as a functionof peak temperature for the different load conditions used in
this study. Two sets of plastically stressed tests were run at the same condition. However,
the second set was only run for peak temperatures between 410 and 71O“C.
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isothermal experiments ‘1]were used to predict the hardness. The predicted hardness is plotted
against the measured hardness in Figure 4. In addition, the predicted hardness values for three
other AerMet@100 coarsening studies, including the study that was used to generate the model
parameter set, are plotted in Figure 4. When the model predictions for all of the data is
considered, stress does not appear to be a systematic or statistically significant factor. Thus, for
the case of AerMet@100, the model does not need to be modified to account for stress effects.
Stated differently, it does not appear that stress has a significant effect on softening of the
conditions studied.

Analysis of the heat affected zone predictions reveals the difficulty of coupling thermal
and microstructural models. If the peak temperatures for HAZ cycles are considered, it can be
seen that in the region where overaging occurs (600-700°C), the change in hardness is
approximately 0.1 HRC/°C, Figure 5(a). Examination of typical thermal model results, Figure
5(b), indicates that the 660 to 760°C range of peak temperatures corresponds to distance of
0.47 to 0.65 mm, depending on the weld heat input. Therefore, to achieve 1.0 HRC sensitivity
requires a temperature accuracy of 10°C, which in turn requires a spatial accuracy of 47 to 65
pm. Therefore, thermal models must be very accurate to be successfully coupled with
microstructural models. For the experiments performed in this study, the actual thermal profiles
are well known since they are measured directly. However, in real welds, thermal models must
be used to simulate the temperature profile. As demonstrated above, for typical weIds
performed on AerMet@100, if the temperature simulations are off by as little as 10°C (65 pm
spatially) the prediction of hardness becomes suspect.
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While stress did not appear to affect the hardness, it did appear to affect the onset of the
austenite transformation. Figure6 compares the dilatometry results fora specimen with no
stress andthree specimens that were stressed to varying levels. While it isdifticult to establish
a relationship between the stress level and the onset of the austenite formation in the current
study, there is clearly a 20°C difference between the no stress and the highest stress case. The
formation of austenite at varying temperatures for the different levels of stress can affect the
high temperature boundary of the heat affected zone softened region. The shifting of the Acl
temperature may explain the large scatter observed in the hardness data at peak temperatures
greater than 71O°C.
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Figure 6. Diametral dilatation of specimens for four different loading conditions. The low
stress condition is equivalent to the naturally stressed conditions, while the 0.152 and 0.325
stroke specimens are similar to the plastically strained specimen, but the strain values were
varied.
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Conclusions

Weld heat affected zone simulations were petformed on AerMet@100 at three different strain
levels for a large range of peak temperatures. The hardness appeared to show accelerated
softening for the stressed cycles when compared on the basis of peak temperature alone.
However, accounting for the actual thermal cycles of the specimens revealed that within the
limitations of the current model, stress had a minimal effect on softening. Analysis of the steep
thermal gradients produced when welding, revealed that the thermal cycles need to be accurate
to within 10“C to predict to an accuracy of 1 HRC in the softened region. Furthermore, it
appears that the stresses did shift the onset of the formation of austenite to higher
temperatures, which will shift the high temperature boundary of the softened region.
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