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Microstructural characterization and the kinetics of ageing of 15 PH stainless steel is studied 
in the fusion zone and in solution-treated and quenched (as-quenched) samples. Fusion zone 
had a finer structure than the as-quenched samples due to melting and subsequent 
solidification. This had a major effect on the amount of the hardness received in the fusion 
zone. The ageing structure of both samples was essentially the same, except for the smaller 
solidification cell size of the fusion zone. Strengthening was achieved by the formation of 
coherent precipitation of copper in the bcc  martensite. Copper precipitates were found to be 
related to the parent martensite with a Kurdjumov-Sachs orientation relationship in both 
samples. Precipitates were spherical in shape and they nucleate and grow both on the 
dislocations and in the matrix. No incubation period was observed in the hardening curves. 
Kinetics of precipitation was studied from an Arrhenius type equation for both samples. It was 
found that, at high ageing temperatures, the activation energy for precipitation hardening was 
approximately the same as that of the activation energy for substitutional diffusion in bcc  
ferrite. At lower ageing temperatures, the calculated activation energy was consistent with the 
activation energy for short circuit diffusion of substitutionals in b c c structure. Microstructural 
characterization and the activation energy calculations showed that precipitation of copper in 
both samples was controlled by the diffusion of copper in bcc  martensite. At high ageing 
temperatures, mass transport of copper was through the lattice. At low temperatures, the 
contribution of high dislocation density to the apparent diffusivity was large. 

I .  I n t r o d u c t i o n  
In the last decade, lasers have found extensive appli- 
cations in metallurgy and material science. Their 
major use in metallurgy involves welding, followed by 
laser surface modification (either by melting or heat 
treating to obtain martensite) and laser surface alloy- 
ing. Depending on the sample scan velocity and the 
heat input, cooling rate may be varied in the molten 
zone. As the cooling rate increases, dendritic structure 
and the size of the solidification grains become finer. 
At the highest cooling rate, depending on the thermo- 
dynamics of the alloy system, a massive trans- 
formation may become possible, producing a surface 
alloy with the same composition of the liquid from 
which it forms, without any segregation at the cell or 
solidification boundaries. Therefore, processing of 
metallic materials with lasers can be called a rapid 
solidification technique, depending on the processing 
parameters used which may eventually produce a high 
cooling rate at the surface if properly designed. Ac- 
cordingly, highly supersaturated structures can be 
achieved after melting and solidification at the surface 
which, through increasing driving force for nucleation 
and growth, may increase the kinetics of ageing in 
precipitation hardening systems. 

Precipitation of intermetallic compounds in a mar- 
tensitic matrix is known as an effective method of 
producing low-carbon, high-strength and high- 
ductility marage steels. However, marage steels suffer 
from a low resistance to corrosion and accordingly 
several marage steels were developed with additions of 
13%-17% chromium to increase corrosion resistance 
[ i ] .  

PH stainless steels can be either austenitic, semi- 
austenitic or martensitic depending on the alloying 
element additions to the composition. Martensitic PH 
stainless steels usually contain 4%-7% nickel to keep 
the Ms temperature above room temperature. Ele- 
ments added to form precipitates are copper, molyb- 
denum, aluminium, titanium and niobium [2]. 
The alloys are solution treated, quenched and aged 
at temperatures between 400 and 500~ The pre- 
cipitation-hardening agents are copper, Ni3Ti, Ni3A1 
and NiA1 [3]. 

Several studies have been reported in the literature 
generally concerning the microstructural character- 
ization and mechanical behaviour of PH stainless and 
marage steels. Among the PH stainless steels, 17-4 PH 
grade [4] is strengthened by the precipitation of 
e-copper phase, which is nearly pure copper. Reverted 
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austenite has been observed in this steel at ageing 
temperatures above 550 ~ This study assumed that 
the precipitation-hardening sequence is similar to 
those of Fe -Cu  and F e - C u - X  alloys [5-9].  Briefly, 
this involves the initial clustering of coherent copper- 
rich zones which later transforms to f c c  e-copper 
precipitate with further ageing. The above studies 
on the precipitation-hardening mechanism involving 
copper as the precipitate, conclude that the hardening 
phase has an f cc  structure and is coherent with the 
b c c, low-carbon martensite. 

The precipitation-hardening mechanism and the 
kinetics of ageing as well as aged microstructure of the 
15-5 PH stainless steel has not been studied in detail. 
It is known that the fast kinetics of ageing in marage 
steels is due to the high defect density of martensitic 
matrix [10-13]. The studies listed above do not ex- 
plain clearly the factors that affect the kinetics of 
ageing. The present study was concerned with the 
kinetics and the microstructure of the aged 15-5 PH 
stainless steel following laser melting, as well as after 
solution treatment. 

Solidification of stainless steels has received a great 
deal of attention in the welding as well as casting 
literature [13-20]. It has been found that the most 
important parameter in preventing the so-called "hot 
cracking" in stainless steel weldments is the control 
over the composition as well as the solidification 
mode. Stainless steels that solidify in the primary 
austenite mode were found to be less resistant to hot 
cracking than the primary ferrite solidified alloys, due 
to extensive segregation of harmful elements (i.e. sul- 
phur, phosphorus, niobium, silicon, etc.) to cell and 
solidification boundaries; these form low melting 
point eutectics. Primary-ferrite solidified welds, on the 
other hand, were found to be resistant to hot cracking 
due to higher solubility of these harmful elements in 
ferrite. 

The results of fusion-zone microstructural charac- 
terization as well as a thermodynamic analysis of 
segregation of iron, nickel and chromium were re- 
ported in detail in a previous publication for laser 
welding of 15-5 P H  stainless steel [-21]. However, 
kinetics of ageing in the molten zone (henceforth 
called the fusion zone) is related to the structure and 
the laser processing parameters. Therefore, this study 
summarizes important aspects of the microstructure 
of the fusion zone with the main emphasis being on 
ageing structure and precipitation-hardening mech- 
anism in the fusion zone and in the as-quenched alloy. 

2. Experimental procedure 
Laser-welding experiments were conducted on speci- 
mens of 15-5 PH whose composition is given in 
Table I, as supplied by the manufacturer. The alloys 
were in the as-quenched condition prior to laser 
welding. Austenizing treatment was carried out at 
1040~ before laser treatment as well as on the as- 
quenched samples. Following austenizing, specimens 
were quenched in water. 

Autogenous laser welding was carried out with a 
5 kW continuous wave CO2 laser. The travel speed of 
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the specimens was 4.3 mms -1. A 254 mm focusing 
lens was used. All welding experiments were made 
on samples of 25.4 x 25.4 mm 2 with a thickness' of 
11.2 mm under argon shielding gas. 

After laser welding and ageing, specimens were 
sectioned and metallographic examinations were 
made on top and transverse sections. Final polishing 
was made with 0.06 gm alumina. Etching was con- 
ducted in a two-step procedure. First, the specimens 
were etched with Fry's reagent [22] and then dipped 
in Murakami's reagent for a few seconds until a good 
etching contrast was achieved. 

The as-quenched and laser-welded samples were cut 
into the sizes of �89 in x �89 in x �88 in (1 in -~ 2.54 cm) with a 
water-cooled saw. The surface oxide after laser wel- 
ding was removed with 600 SiC paper prior to ageing. 
After this procedure, the specimens were aged in a 
liquid-lead bath at temperatures between 400 and 
525 ~ for 1-20000 min. It was observed that liquid 
lead did not wet the samples. The heating rates of the 
samples to the required ageing temperatures were 
determined by embedding a chromel-alumel thermo- 
couple into the centre of a sample of the same size. 
Ageing time was determined after the samples reached 
the respective ageing temperature. Temperature 
of the baths were controlled within +_ 2 ~ with a 
chromel-alumel thermocouple shielded with stainless 
steel. The samples were quenched in water immedi- 
ately after they were taken out of the liquid-lead bath. 

Electron microscopy investigations were carried out 
on the as-quenched and on theprecipitation hardened 
samples from the fusion zone and base metal. TEM 
samples were prepared by electropolishing in an 
electrolyte containing 10% perchloric acid and 90% 
acetic acid with a fischione jet polisher at room 
temperature, 50 V and 80 mA. These samples were 
then examined in a Jeol 100C electron microscope 
operated at 100 kV. A Leco 400 microhardness tester 
was used to determine the age-hardening response of 
both the base metal and the fusion zone. Hardness in 
the as-welded samples varied as a function of the 
location in the fusion zone. To be consistent in the 
age-hardening study, hardnesses in the fusion zone 
were recorded at a depth of 50 I~m from the surface. 
Samples for age-hardening study of the fusion zone 
were prepared from the samples with welding speeds 
of 4.3 mm s- 1. 

3. Results 
Fig. 1 is a representative micrograph of the overall 
microstructure in the fusion zone. A microscopic 
examination of the welds revealed that they are free 
of hot cracks. Fig. 2 shows a higher magnification 
optical micrograph of the fusion zone where the 
solidification structure can be seen in detail. The 
dark-etched vermicular phase is primary ferrite which 
forms at the axes of the primary solidification cells. 
The roundish dark phase that is located at the cell 
boundaries (arrowed in Fig. 2) is eutectic ferrite which 
forms at the final stages of solidification. 

The determination of the solidification path and 
characterization of the fusion zone was given in detail 



Figure 1 An optical micrograph of the fusion zone. Welding speed 
3.4 mms -~ . Figure 3 Optical micrograph of the as-quenched sample. 

Figure 2 An enlarged section of Fig. I of the fusion zone. Eutectic 
delta ferrite is arrowed. 

Figure 4 An electron micrograph of the as-quenched sample show- 
ing the lath martensitic structure prior to ageing. 

in an earlier paper 1-21]. Therefore, a detailed descrip- 
tion of the solidification structure will not be repeated 
here. However, it will be indicated briefly that the 
solidification mode was determined to be primary 
ferrite in the earlier work. Primary ferrite later trans- 
forms to austenite. The cores of the primary-ferrite 
cells are depleted in nickel. Owing to microsegregation 
at the solidification temperatures, the cores of the cells 
are "compositionally stabilized" ferrite, and this ferrite 
appears in a vermicular morphology. The rest of the 
primary-ferrite cell solidifies with the nominal com- 
position until the final transient is reached where the 
final liquid to solidify reaches the composition of the 
eutectic and eutectic ferrite forms at the cell and 
solidification boundaries as evinced in Fig. 2. Aus- 
tenite that forms from the primary ferrite as a result 
of diffusion-controlled decomposition transforms to 
martensite above room temperature. The M s temper- 
ature of 15-5 PH was reported to be 203 ~ [23]. 

Fig. 3 shows an optical micrograph of the as-quen- 
ched sample. This is also the starting microstructure 
prior to ageing. The prior austenite grain size is 
considerably larger than that of the fusion zone. This 
difference in the grain size has a major effect in the as- 
quenched hardness as will be discussed later. The 

microstructure of the fusion zone and the as-quenched 
material resemble a low-carbon lath martensite as 
shown in Fig. 4. Occasionally, some copper precipit- 
ates were found at the primary ferrite/prior austenite 
boundaries in the fusion zone. 

The age-hardening curves for the fusion zone and 
the as-quenched material are shown in Figs 5 and 6. 
The initial hardness of the as-quenched samples were 
350 VHN compared to 375 V H N  of the fusion zone 
prior to ageing. The age-hardening curves are repres- 
entative of any age-hardening alloy system. At low 
ageing temperatures, hardening is slow due to low 
diffusion rates and the maximum hardness is high due 
to the smaller and denser precipitates. At high ageing 
temperatures, hardness is lower because the critical 
nucleus size is large, and diffusion and, therefore, 
growth is faster. General observation in hardening 
characteristics of the fusion zone and the as-quenched 
material is such that the fusion zone has a higher 
hardness initially and at all ageing temperatures. This 
behaviour is summarized in Fig. 7 with the data of 
Figs 5 and 6. The reasons behind this mechanical 
behaviour are discussed in the following section. 

Optical micrographs of the fusion zone and the base 
metal, after ageing at 400~ for 1 h, are shown in 
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Figure 5 Hardness versus ageing time characteristics of the 
as-quenched base-metal samples at different temperatures. 
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Figure 6 Hardness versus ageing time characteristics of the fusion 
zone at different ageing temperatures. 

Figure 8 Optical micrograph of 15-5 PH after age-hardening at 
400 ~ for 1 h. 
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Figure 7 Comparison of hardness versus time characteristics of the 
( - - - )  fusion zone and ( ) base metal at 400 and 450 ~ 

Figure 9 Optical microgl:aph of the fusion zone of 15-5 PH after 
age-hardening at 400 ~ for I h. 

Figs 8 and 9, respectively. Finer cell size is also evident 
in the fusion zone in Fig. 9 when compared 
to the solution-treated and aged sample. The stable 
structure of the PH 15-5 at the ageing temperatures is 
austenite and therefore the metastable martensite is 
expected to transform to stable austenite. Decomposi- 
tion is diffusion controlled and austenite is expected to 
nucleate at the grain boundaries in the as-quenched 
material and at the cell and solidification boundaries 
in the fusion zone. Two processes are expected to occur: 
recovery and recrystallization of the martensite, and 
nucleation and a diffusion-controlled growth of aus- 
tenite into the b cc  martensite. At the low ageing 
temperatures, i.e. at 400 ~ diffusion of substitutional 
elements are sluggish and austenite could not be 
observed (or austenite is very low in volume percent- 
age). Electron micrographs at this stage revealed some 
precipitates in the bright-field images; however, no 
diffraction effects (i.e. extra spots or streaks) were 
found in the diffraction patterns, as shown in Figs 10 
and 11. The low density and smaller size of pre- 
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Figure 10 A bright-field image of the as-quenched 15-5 PH after 
age-hardening at 400 ~ for 700 min. 

cipitates are possible reasons behind this behaviour, as 
evidenced from the hardness versus time curve at this 
stage of ageing. 

Optical micrographs of the as-quenched sample 
after ageing at 500 ~ for 7 min and 25 h are shown in 



Figure 11 A bright-field image of the fusion zone 15-5 PH after age- 
hardening at 400 ~ for 700 min. Figure 13 Optical micrograph of the as-quenched 15-5 PH after 

age-hardening at 500 ~ for 25 h. 

Figure 12 Optical micrograph of the as-quenched 15-5 PH after 
age-hardening at 500 ~ for 7 min. 

Figs 12 and 13. The short ageing times at this temper- 
ature do not reveal any macroscopic changes; how- 
ever, recrystallization and transformation to austenite 
is evident in Fig. 13. 

Electron micrographs of the as-quenched samples 
after ageing at 400 ~ for 4000 rain and 525 ~ for 
3 min are shown in Figs 14 and 15. At low ageing 
temperatures, more precipitates are observed on dis- 
locations. Precipitates are both in the matrix and on 
the dislocations. Precipitation on the dislocations de- 
creases as the ageing temperature increases, as shown 
in Fig. 15. Precipitates are identified as f cc  a-copper 
with a lattice parameter  of 0.361 nm. At both ageing 
temperatures, the precipitates are found to be coher- 
ent with b c c martensite. The orientation relationship 
between the matrix and the precipitates is determined 
to be Kurdjumov-Sachs ,  i.e. [0 1 1If co ][ [1 1 l]bcc 
and (1 1 1)f co ]] [0 1 1]bcc. 

An optical micrograph of the fusion zone after 
ageing at 500 ~ for 3 min is shown in Fig. 16. The 
small cell size is obvious and it is much smaller than 
the grain size of the as-quenched material at the same 
ageing conditions (i.e. Fig. 12). Vermicular ferrite can 
be seen in the micrograph which has not decomposed 

to austenite at this stage of ageing. Electron micro- 
graphs of the fusion zone after ageing at 400 ~ for 
4000 rain and 500 ~ for 3 min are shown in Figs 17 
and 18. The observations on the aged microstructures 
of the fusion zone are similar to that of as-quenched 
15-5 PH. The precipitates are spherical fc c ~-copper 
and they are related to the b c c  martensite with the 
Kurdjumov-Sachs  relationship. 

Final characterization of the aged structure is con- 
cluded with the identification of the phases in an 
overaged sample. The stable phase is austenite and is 
visible in the dark-field images and spherical copper 
precipitates are grown to a larger size. Both of these, 
i.e. transformation to austenite and growth of the 
precipitates, are responsible for the decrease in hard- 
ness. Both phases are shown in bright- and dark-field 
images in Fig. 19. Austenite nucleates at the lath or 
prior austenite boundaries and are located at these 
regions in the micrograph. 

4. D i s c u s s i o n  
The age-hardening curves obtained in the form of 
isothermal heat treatments of 15-5 PH stainless steel 
are similar to the age-hardening curves obtained in 
precipitation-hardening studies of substitutionally al- 
loyed metals. General observations for the hardening 
in the fusion zone and in the as-quenched samples 
are such that they are similar. Generally, the fusion 
zone received slightly higher hardnesses than the as- 
quenched samples. Hardness curves of the fusion zone 
also indicate that the amount  of the copper removed 
from primary ferrite during solidification due to 
microsegregation or evaporation is small. 

The orientation relationship observed in this study 
is Kurdjumov-Sachs  between a-copper and the b c c 
matrix, which is common in f c c / b c c  systems. The 
orientation relationship found in this study is also 
consistent with the orientation relationships obtained 
in Fe 6 % N i - 2 % C u  [24] and F e - 0 . 5 % C - 2 % C u  
[25] alloys. The Kurdjumov-Sachs  relationship has 
been observed at all ageing temperatures except in the 
early ageing stages where no diffraction effects were 

1475 



121 b 110 b 
101 b 5il cu ~oo cu 

~ 1 1 1  Cu 

01-1 ; ~ 1 1 1 "  Cu 
~ ~ l ' C u ~  11b 

_ ~ 3 1 1  Cu 
111 Cu 200 Cu 121 b 
~ol b ~-~ o b 

(011) bee II 011) Cu 
[011] Cu II [11-1] bcc 

Figure 15 A transmission electron micrograph of base metal after 
ageing at 525 ~ for 3 min. (a) Bright-field image and (b) diffraction 
pattern. Precipitates are fc c copper and they are coherent with the 
bcc matrix. (O) [i 1 1] bcc, (m) [0 1 1] Cu. 
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Figure 14 (a) Bright-field (b) dark-field and (c) diffraction pattern 
of base metal after ageing for 4000 min at 400 ~ The precipitates 
are identified as fcc copper being coherent with the b cc matrix. 
Some precipitates are observed on dislocations. (O) [i 1 1] bcc, 
( I )  I-0 1 1] Cu. 

detectable in the diffraction patterns: this is possibly 
due to the low density and small size of  the pre- 
cipitates. As the ageing time increased at a given 
ageing temperature,  beyond  the max imum hardness, 
associated hardness in both  samples decreased. This 
behaviour  is also consistent with theories where 
strengthening is assumed to be achieved by the inter- 
action of dislocations with the coherency strain fields 
of precipitates. The decrease in the hardness is also 
partially related to the nucleation and growth of the 
stable-phase austenite. 

To gain a further unders tanding of the mechanism 
of hardening and to investigate the different hardness 
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Figure 16 Optical micrograph of the fusion zone of 15-5 PH after 
age-hardening at 500 ~ for 3 min. 

levels at a given ageing temperature and time in the 
fusion zone and in the as-quenched samples, the kin- 
etics and the rate-controlling factors should be deter- 
mined. The temperature dependency of the kinetics of 
precipitation can be studied from an Arrhenius type 
equation, which is commonly  obeyed in metals 
[12, 26] 

1 A, exp (~TQTQ) (1) 
tf 
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Figure 17 A transmission electron micrograph of the fusion zone 
after ageing at 400~ for 4000 min. (a) Bright-field image and 
(b) diffraction pattern. (O) [0 1 1] Cu, (11) [1 1 1] bcc. 

where tf is the time to reach a certain fraction trans- 
formed, A' is a constant, R is the gas constant and T is 
the temperature (K). Equation 1 can be rewritten in 
terms of natural logarithms as 

ln(tf) = A + (R@)  (2) 

where A = in 1/A'. The slope of the ln(t 0 versus 1/T 
therefore gives the activation energy for the overall 
transformation. The activation energy determined in 
this manner is the sum of the activation energies for 
the overall process, i.e. nucleation and growth. It does 
not represent the activation energy for a single process 
such as nucleation or growth of precipitates. The usual 
assumption made in studies of ageing from Equation 2 
is such that site saturation is assumed [26]. This 
means that nucleation occurs early in ageing or em- 
bryos are formed at the solution-treatment temper- 
ature or during quenching and therefore activation 
energy for nucleation can be neglected. Hence, the 
calculated activation energy can be compared to the 
activation energy for the diffusion of the strengthening 
element in the matrix. 

Fig. 20 shows the In(t0 (time to reach a certain 
hardness) versus 1/T curves for the as-quenched sam- 
ples. Generally, fusion zone and the as-quenched sam- 
ples received lower peak hardnesses at high ageing 
temperatures (such as 525 ~ with respect to ageing 
at low temperatures. Therefore, some of the ln(t0 
versus I /Tcurves  are drawn for hardnesses lower than 
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Figure 18 A transmission electron micrograph of the fusion zone 
after ageing at 525~ for 3 min. (a) Bright-field image and 
(b) diffraction pattern. (11) [0 1 1] Cu, (0) [1 1 1] bcc. 

the peak hardness obtained by ageing at 525 ~ This 
is also a reasonable approach if the overlapping diffu- 
sion fields at lower temperatures are considered. 

A basic understanding of the precipitation-harden- 
ing mechanism of 15-5 PH can be obtained through 
the calculation of the activation energy for the overall 
process combined with the microstructural character- 
ization. This activation energy is calculated to be 
approximately 70 kcal mol-1 at high ageing temper- 
atures (i.e. ageing above 450 ~ and 34 kcalmol-1 
below this temperature through a least squares fit to 
the hardness data given in Figs 6 and 7. The same 
calculation was conducted for the samples from the 
fusion zone and the results are summarized in Fig. 21. 
The activation energy calculated in this manner is 
approximately the same for the fusion zone and for the 
as-quenched samples. 

Observations of the same activation energies for the 
total strengthening imply that hardening mechanisms 
in both samples are the same. However, different 
activation energies obtained at low and at high 
temperatures imply that hardening mechanisms are 
different at low and at high temperatures for both 
structures. Factors that account for this behaviour are 
discussed below. The following discussion is based on 
the comparison of the calculated activation energies 
with activation energy for diffusion of copper in the 
b c c matrix. 

The volume diffusion coefficient of copper in s-iron 
is [25] 

// - -  5 9  0 ~  2 
Dc~u = 8 . 6 e x p l @ l c m  s -~ (3) 
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Figure 20 Arrhenius plot for precipitation in the base metal: 
(I) 480 VHN, (0) 470 VHN, (O) 450 VHN. 

Figure 19 (a) Bright-field and (b) dark-field images of the base metal 
after overageing at 550 ~ for 300 min. 

As mentioned earlier, calculated activation energy 
from Equation 2 is the sum of the activation energies 
of nucleation and growth. It was assumed that the 
nuclei formed during solution treatment, during quen- 
ching or early in the ageing process. With this assump- 
tion, the calculated activation energy represents the 
activation energy for the growth because the activa- 
tion energy for nucleation becomes zero. 

The difference between the calculated activation 
energy and the activation energy for diffusion of cop- 
per in the b c c matrix can be explained in terms of 
activation energy for nucleation not being zero (i.e. the 
site-saturation assumption is not met), short-circuit 
diffusion, or the excess vacancy concentration from 
solution treatment or from liquid quenching. The 
high-temperature activation energy is discussed first. 

The activation energy of 60-70 kcalmol-1 is ap- 
proximately the same value for volume diffusion ot 
copper in the b c c  matrix. If this activation energy 
represents only the growth of the precipitates, the 
question arises of the benefits of the defect structure 
for the low-carbon martensite in enhancing the kin- 
etics of precipitation. If, on the other hand, calculated 
activation energy represents that of short-circuit diffu- 
sion, it then also requires that the activation energy is 
the sum of the activation energies of nucleation and 
growth, because activation energy for short-circuit 
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Figure 21 Arrhenius plot for precipitation in the fusion zone: 
(lI) 490 VHN, (0) 480 VHN, (A) 450 VHN. 

diffusion is approximately half of that of volume 
diffusion. However, as revealed by the hardness 
curves, there is no incubation period in hardening. 
Hardness increases as soon as the material is aged. 
The initial hardness at all ageing temperatures is 
always higher than the as-quenched hardness. Because 
an incubation period is not observed, the site-satura- 
tion assumption is met. Therefore, the calculated ac- 
tivation energy (60-70 kcalmol -~) is the activation 
energy for growth. Hence, the slope of ln(tf) versus 1/T 
curves represents the activation energy for growth of 
precipitates. 

The activation energy calculated for the low-tem- 
perature part of ageing, i.e. below 450 ~ is one-half 



the activation energy for diffusion of copper in the 
b cc  matrix. It is known that short-circuit diffusion 
becomes important at temperatures below �89 [-12]. 
At high temperatures, contribution of short-circuit 
diffusion to the total mass flow is low. As the temper- 
ature is lowered, short-circuit diffusion becomes im- 
portant, depending on the grain size and dislocation 
density. 

The calculated activation energy for precipitation at 
low ageing temperatures is consistent with short-cir- 
cuit diffusion, mainly pipe diffusion through highly 
dislocated martensite. Low-Carbon lath martensite of 
15-5 PH has a high dislocation density, approximately 
1012 cm -2 as well as a high population of low-angle 
lath boundaries which can be treated as arrays of edge 
dislocations. It is obvious that this defect structure 
enhances the mass transport of copper to feed the 
precipitates at low ageing temperatures. This calcu- 
lated activation energy indicates that mass transport 
of copper is through the short-circuit diffusion chan- 
nels and occurs mainly by pipe diffusion. 

In summary, the activation energy for hardening at 
higher temperatures indicates that precipitation is 
controlled by diffusion of copper in the b c c lattice. At 
low temperatures, some precipitates were observed at 
the boundaries and on the dislocations (Fig. 14). This 
also supports the activation energy calculations and 
indicates that copper is fed to the precipitates through 
the dislocations. On .the other hand, at high temper- 
atures, precipitation was usually in the matrix. This 
observation is consistent with that of Hornbogen and 
Glen [27], who studied the precipitation of a-copper 
in b c c ferrite in Fe -Cu  alloys. The growth of a-copper 
was found to be controlled by volume diffusion of 
copper in the heavily dislocated ferrite (quenched from 
1000 ~ The lowest ageing temperature in their study 
was 500 ~ 

Although the activation energies of the fusion zone 
and the as-quenched sample are approximately the 
same, the fusion zone was harder than the as- 
quenched sample at all ageing temperatures studied. 
Factors that may account for this behaviour can be 
given as follows: the activation energy for substitu- 
tional diffusion is affected by the defect density as well 
as by the concentration of vacancies. Because the 
fusion zone is quenched from liquid, one might expect 
an increase in the number of vacancies. This would 
initially increase the kinetics of ageing. However, va- 
cancy diffusion is several orders of magnitude faster 
than substitutional diffusion; therefore, it is possible 
that these species diffused to the nearest sinks early in 
the ageing or during quenching from solidification 
temperatures. Within the experimental limitations of 
this work, there is no confirmation of excess vacancies 
in the fusion zone, Both the fusion zone and the as- 
quenched samples reach the peak hardness at the 
same ageing temperature. Similar activation energies 
for hardening also indicate that precipitation kinetics 
are the same, and microstructural characterization 
confirms this. 

The above discussion leaves the grain size and the 
finer structure as the major factors for the higher 
hardness obtained in the fusion zone. After a certain 

ageing time, the martensitic structure in both samples 
are broken down due to recovery and recrystalliza- 
tion; and from that point on strength is controlled by 
the size and the density of the precipitates, as well as 
prior austenite grain size. 

The fusion zone had a finer structure composed of 
two phases (martensite and ferrite) to start with, and 
a higher hardness (375 VHN compared to 350 VHN) 
prior to ageing, than the as-quenched samples. There- 
fore, this is possibly the main reason for its higher 
hardness. Smaller grain size may also affect the total 
mass flow of copper to the precipitates through the 
larger grain-boundary area and hence lead to early 
strengthening. However, this is not reflected in the 
calculated activation energies. It has been shown that 
marage steels obey a Hal l -Petch relation in terms of 
grain-size strengthening, both in the aged and in the 
as-quenched conditions [28]. Therefore, the above 
discussion on the slightly higher hardness of the fusion 
zone being due to the grain size is more appropriate 
than the assumption of the presence of an excess 
vacancy concentration. 

5, Conclusions 
Hardening was found to be fast in both structures and 
no incubation period was observed in the hardness 
versus time curves at any of the ageing temperatures. 
The precipitates were found to be mostly spherical in 
both samples. This indicates that the strain-energy 
barrier for nucleation is negligible and the shape of the 
precipitates were controlled by the surface-energy re- 
quirements. Precipitates are coherent with the matrix 
at all ageing temperatures and they are related to the 
b cc  martensite with a Kurdjumov-Sachs relation- 
ship. 

The hardening mechanism in both samples is the 
same. This is due to the fact that activation energies 
calculated for the low- and high-temperature ageing 
are approximately the same. At high temperatures, 
growth of the precipitates is controlled by the mass 
transport of copper in the b cc  martensite. At low 
temperatures, the contribution of pipe diffusion to the 
apparent diffusivity increases. 

The higher hardness found in the fusion zone is the 
result of smaller grain size. Because the fusion zone is 
cooled from solidification temperatures, prior austen- 
ite grain size is smaller than the as-quenched sample. 
This high hardness of the fusion zone is also consistent 
with the grain-size dependency of strengthening of 
marage steels. 

The conclusions may be summarized as follows. 
1. Precipitation of a-copper is the main reason for 

the strengthening of 15-5 PH in the fusion zone and in 
the base metal, a-copper is related to the b c c  mar- 
tensite with a Kurdjumov-Sachs orientation relation- 
ship and is coherent with the matrix. 

2. The mechanism of strengthening is similar in the 
fusion zone and in the base metal. Activation energies 
calculated for strengthening are approximately the 
same for both samples. 

3. The higher activation energy at higher ageing 
temperatures indicates that hardening is controlled by 
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the volume diffusion of copper in the b c c matrix. At 
lower temperatures, the activation energy for pre- 
cipitation is low, i.e. contribution of the high disloca- 
tion density to the apparent diffusivity is large. The 
growth of precipitates is, therefore, controlled by 
the mass transport of copper through short-circuit 
diffusion. 

4. The fusion zone has a higher hardness prior to 
ageing and at all ageing temperatures. This is due to 
finer grain structure resulting from rapid solidifica- 
tion. During age-hardening, lath martensitic struc- 
tures of both samples are broken down after a certain 
period of ageing. From that point on, strength is 
controlled by the size and density of the precipitates as 
well as the grain size. 

5. Transformation of the martensite to austenite 
starts at the later stages of ageing. Austenite nucleates 
at the boundaries and grows into the martensite lath 
packs and, together with overageing, is responsible for 
softening. 
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