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ƬưƗ�źŧřǀšŚţŹřźů�ƾŹŚĪƃƺū�Żř�ŶƘŝ�ƽƜţ�źŝ�ǀǀšřźŹ�ƿŹŚŤųŚſżŤŴſ�ƹ�ƾ�ŵǇƺƟ�
ŤŴſ�śƺſŹ�ƱżƳ�ĬƳŻƾƵŶƳƺƃ�PH �17-4�ƯźţǀƮ�ƁƹŹ�ƶŝ�ƵŶƃ�ŹŚĪƃƺūƽ���

��
ŶưŰƯƽźŤƃƺƃ�ƾƬĩƺţ�ŚƋŹÎ���ŵŚƷŶưŰƯƽƯ�ŒƿŶÏƬƗ��ƾřŵ�ŵƹƽÐ��

mtc.tech@gmail.com��
��

ƵŶǀĪģ��
�ŵǇƺƟ17-4 PH�ƿŤŴſ�śƺſŹ�ƱżƳ�ĬƳŻ�ŵǇƺƟ�ĨƾżƴţŹŚƯ�ƵŶƳƺƃ�ƾŤƿ�Ʋŝźĩ�Ʈĩ�ƪƯŚƃ�ê�è������žºƯ�ƾºƳŻƹ

Ưƾ�Ǝſƺţ�ƶƧ�ŶƃŚŝ��ƬưƗǀšŚě�ǀŻŚſźƽĪƄţ�Śŝ�ǀƪƴƛ�šŚŝƺſŹ�ƾ��ŤƿżƴţŹŚºƯ�ƶºƴǀƯŻ�Źŵ�ƵŶƃ�ƖƿŻƺţ�žƯ�Żř����ƪºŝŚƣ�ƾ
���ƱŶƃ�ŢŴſŢſř�����ř�Żř�ƵŵŚƠŤſř�šŹƹźƋƿ�Ʋ�ŵǇƺƟ��ŤƄºĩ�Źŵ�ǇŚºŝ�ƭŚƨŰŤſř�ƽŚƷŹƺŰƯ�ƪĪƃ�ƶŝƾ��ŝŹƺºţ��ŚºƷ�ǀƲ�

ŚƷƽ�ŻŚĭ�ƽ���ſŚţ�Źŵ�ƹ�ǀšŚƀ�ŚƷŹƺŤĩřŹ�ƽ��ř�ƶŤƀƷ�ƽ����Ĩƿ�Żř�������źƿŚºſ�Żř�ŵǇƺºƟ�Ʋºƿř�ŢųŚºſ�Ʊŵƺºŝ�źŤƳřźĭ�ƹ�ƝźƏ
�������ƾƴƿżĮƿŚºū�ƱŚºƨƯř�ƶºƘƐƣ�Ʊŵƺºŝ�śƺǀƘƯ�šŹƺƇ�Źŵ�Śţ�Ţſř�ƵŶƃ�ŦƗŚŝ��źĮƿŵ�ƝźƏ�Żř�ƱżƳ�ĬƳŻ�ƽŚƷŵǇƺƟ

���ƶŝŚƄƯ�ǈƯŚƧ����ƵŵƺŞƳ�ƶƟźƇ�ƶŝ�ƱƹźƤƯ�įŵŚƈŤƣř�ƑŚŰƫ�Żř����ƮǀƯźºţ�śƺºǀƘƯ�ƽŚºƷ�ƱŚĪƯ��ƽŹŚĪƃƺū�Żř�ƵŵŚƠŤſř�Śŝ�ƹ
�������ƷŚƧ�ƞƣƺţ�ƱŚƯŻ�ƹ�šřźǀưƘţ�ƶƴƿżƷ�ƹ�ŶƳƺƃ�ŶŝŚƿ�Ƃ��ř�ŹŵƿƤŰţ�ƲǀƬưƗ��Ƣ�ºǀ�ŹŚĪºƃƺū�šŚƽƯźţ�ǀ�ºưƾ�GTAW�

����ƬưƗ�žĜſ�ƹ�ƶŤƟźĭ�ƭŚŬƳřǀ�ţŹřźů�šŚƾ��ƭźĭ�žě���PWHT����ŚƯŵ�Źŵ�řŶŤŝřƽ��ŻŚſ�ƪů�ƽC�}æåéåƱō�Żř�žě�ƹ��
ěǀŻŚººſźƽŚººƷŚƯŵ�Źŵ�ƽ�éíå��êêåƹ��C �}�ëçå����ƆŴƄººƯ�ƽŚººƷ�ƱŚººƯŻ�ƽřźººŝ�Ÿººě�šŹƺººƇ�ƿŢƟź��ººſŹźŝƾ�

��İěƺĪſƹźĪǀƯŚƷŹŚŤųŚſƽ��ŹŚĪƃƺū�ƶƤƐƴƯ�ƽ���ĤưƷ�ƹ�ƵŶƃ��ºƴǀ��ŤŴºſ�Ʋƾ�Ŭƴºſ�ƾř��ºƿ����ƝŸºů�Żř�ƱŚƄºƳ�ƢƏŚºƴƯ�Ʋ
HAZ���ŹŚŤųŚſ�ŢƸŝŚƄƯ�ƹ�ƽ��ŤŴſ�ƹ�ƾ��Śě�żƬƟ�ƹ�Ɓƺū�ƢƏŚƴƯ�Źŵ�ƿŚƷ�ƶƳƺưƳ�Źŵ�ƶƽ�PWHTƯ�ƾŶƃŚŝ����ºƴĤưƷǀ�Ʋ

ŚƷ�ƶƳƺưƳ�Źŵƽ�êêåƹ�C �}�ëçå�ƯǀŹŚŤųŚſƹźĪǇ�ƿƶř�ƽƹ�ŹŚŤųŚſ�Śŝ�ƶŝŚƄƯ�ƪĪƃ��ºƿƲƯŶ�ƲţŚŤºƃř��Źŵ��żƴţŹŚƯ�ºƿŢ�
ŵ�ƵŶƃźĜưţƿƵŶƯ�ƾ�ŵƺƃ���

��
ƽŶǀƬĩ�ƽŚƷ�Ƶĥřƹ��ǇƺƟŵƱżƳ�ĬƳŻ��17-4 PH��ƬưƗǀţŹřźů�šŚƾŹŚĪƃƺū�Żř�ŶƘŝ�ƽ��Źƿ��ŹŚŤųŚſżŤŴſƾŬƴſ�ƾ

                                                
1��ſŶƴƸƯ�ŶƃŹř�ƾſŚƴƃŹŚĩ�ƽƺŬƄƳřŵƾĥŹƺƫŚŤƯ�ƹ�ŵřƺƯ�ƽŶƸƄƯ�ƾſƹŵźƟ�ƵŚĮƄƳřŵ�� 
2�ƄƳřŵ�ǀĥŹƺƫŚŤƯ�ƹ�ŵřƺƯ�ƾſŶƴƸƯ�Ƶƹźĭ�ŹŚƽſƹŵźƟ�ƵŚĮƄƳřŵ��ƾſŶƴƸƯ�ƵŶĪƄƳřŵ��ƾŶƸƄƯ� 
3�ŝźţ�ƵŚĮƄƳřŵ��ƾſŶƴƸƯ�ƵŶĪƄƳřŵ��ŵřƺƯ�ƾſŶƴƸƯ�Ƶƹźĭ�ŹŚƿŵŚŤſř�ǀŹřƹżŞſ�ƮƬƘƯ�Ţ 
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Î��ƶƯŶƤƯ��
�����ƵŶƳƺƃ�ƾŤŴſ�śƺſŹ�ƱżƳ�ĬƳŻ�ƽŚƷŵǇƺƟÎ�����ƩŚſ�Źŵ�ŹŚŝ�Ʋǀƫƹř�æîéå��ŶºƴŤƟŚƿ�ƁźŤƀºĭ�ƹ�����ŹƺºƏ�ƶºŝ�Ʊō�Żř�ŶºƘŝ�

�ƾƳƹżƟř�ŻƹŹ��źŤưƸƯ�ƶƧ�ƽř�ƵĦƿƹ�ƅřƺų�ƪǀƫŶŝ�ƿŚŤŞƀƳ�ƾŤǀƬǀŤƧřŵ��ǇŚŝ�ƭŚƨŰŤſř��Ŷǀƫƺţ�ŢƫƺƸſ�ŚƸƳō�Ʋ��ƹ�śƺºų�
������ƾƫŚºƗ�ƾĭŵŹƺºų�ƶºŝ�ŢƯƹŚƤƯ��ºƯ�ƾ���ŶºƃŚŝ��Źŵ���ƞºƬŤŴƯ�ƝŹŚƈºƯ����ŶƳŶºƃ�Ɩºƣřƹ�ƵŵŚƠŤºſř�ŵŹƺºƯ�[1-5]��ƿ�ºĪƾ�Żř�

řŹƿźŤŬƿƲ�ƫōǀŤŴſ�śƺſŹ�ĥŚƾ�ƃř�Źŵ�ƵŶƳƺƿŵǇƺƟ��Ƶƹźĭ�Ʋ�17-4 PH (AISI 630, UNS S17400)Ţſř��
��������ƪƯŚƃ�ƾŤƿżƴţŹŚƯ�ƱżƳ�ĬƳŻ�ŵǇƺƟ�Ʀƿ�ƶĩê�è��ƾƳŻƹ�žƯ��Ư�ƾ���ŶƃŚŝ���šŚŝƺſŹ�Ǝſƺţ�ƶƧƴƛƾ�Żř�ţ�žƯ�ƖƿŻƺ

����ţ�ŢƿżƴţŹŚƯ�ƶƴǀƯŻ�Źŵ�ƵŶƃǀ�ř�ƶƜƽ�������Ţºſř�ƶºŤƟŚƿ�ƭŚƨŰŤºſř�ƵŶºƃ�źºĜưţ�ƪĪƃ�[3-7]���ƫŵ�ƶºŝ�ºǀĩźţ�ƪ�ºǀ�ƫŚºƗ�Ŝƾ�Żř�
�ƳŚĪƯ�ƅřƺųǀĪƾ����ĭŵŹƺų�ƶŝ�ŢƯƹŚƤƯ�ƹ�ƾ��ř�ŵźŝŹŚĩ��ƿ����řźºŝ�ŵǇƺºƟ�Ʋƽ���ƸŬţ�Źŵ�ƵŵŚƠŤºſř��ºǀŹŵ�šřż�ºƿŚƾƿ�ŚƴºƇ��ƿ�Ɩ

ƃǀưǀŚƾƿ��Ƴ�ƹ�ǀŚƸƷŚĭƹźƽ��ř�ƶŤƀƷ�ƽ�řżƟř�ƿ��Ƃƿ�Ţſř�ƶŤƟŚ[5,8-9]���Ƴō�Żř�ŶºƘŝ�ºǀ�ºƫǈŰƳř�ƪƾ����ŚºƯŵ�Śºţ�Ʊŵźĩŵźºſƹƽ�
ŹŚŤųŚººſ��ơŚººţřřƿ��ŵǇƺººƟ�ƲżƴţŹŚººƯƿŤƾ�Ţººſř��ŤŴººſ�ŚººƯř�ƾǇŚººŝ�ƾƿřŹ��ŚƄººƳ�ŵƺººųŻřŵřŵ�ŶººƷřƺŴƳ�Ʊ��ěǀŻŚººſźƽ�

ƵŵƹŶŰƯŹŵ�ŚƯŵ�ƾƿ�Csëçå�éíå��ƫŵ�ƶŝ�ºǀ��ĪƄºţ�ƪǀ��ŚºƟ�ƪ��źŤƯƺƳŚºƳ�Żƽ��ºƴƛƾ�Żř���žºƯ���źºŬƴƯ�����ŤŴºſ�śƺºſŹ�ƶºŝƾ�ƹ�
řżƟřƿ��ŤŴſ�Źŵ�Ƃƾ����ºƯ�ƭŚĪŰŤſř�ƹ�ƾ��ŵźºĭŵ[2,4]�����ƩŚºưƗřřźƟƿ�ŚƷŶºƴƽ��ŹŚĪºƃƺū�ƽ��ŢºƸū�ƫƺţ�ºǀ��šǇƺƈºŰƯ�Ŷ

ſŶƴƸƯƾ��ŸěŚƳ�śŚƴŤūř�ƿ�Ư�źƾ�ŶƴƃŚŝ�[10]���ř�ŹŵƿƲŝ�ǀ�ƲƬưƗ�ǀšŚŹŚĪƃƺū�ƽſƺƣ�ƾ����ŻŚºĭ�ƹ�ƲŤƀºĮƴţ�ŵƹźºŤĪƫř�Śŝ�
��ƒƟŚŰƯ�GTAW���ƀŝ�Źŵ��ǀŹŚƽ��řźŝ�šŚƣƹř�ƽ�����ƸŬţ�Ʊŵźºĩ�ĥŚºŤƳƺƯ��ºǀšřż������ƵŵŚƠŤºſř�ƱżºƳ�ĬºƳŻ�ŵǇƺºƟ�žƴºū�Żř�

ƯǀŵƺƄ���ƽŚƷŵǇƺƟ�Żř�ƵŵŚƠŤſř�šŹƹźƋ�ƵŶƳƺƃ�ƾŤŴſ�śƺſŹ�ƱżƳ�ĬƳŻ17-4 PH�Żř����źºŤƳřźĭ�ƹ�ƝźºƏ�Ĩºƿ�
�����źĮƿŵ�ƝźƏ�Żř�ƱżƳ�ĬƳŻ�ƽŚƷŵǇƺƟ�źƿŚſ�Żř�ŚƷŵǇƺƟ�Ʋƿř�ŢųŚſ�Ʊŵƺŝ[11]�šŹƺƇ�Źŵ�Śţ�Ţſř�ƵŶƃ�ŦƗŚŝ���

�ƶŝŚƄƯ�ǈƯŚƧ�ƾƴƿżĮƿŚū�ƱŚƨƯř�ƶƘƐƣ�Ʊŵƺŝ�śƺǀƘƯ����Ƴ�ƶƟźºƇ�ƶºŝ�ƱƹźºƤƯ�įŵŚƈŤƣř�ƑŚŰƫ�Żř�ŶºƃŚŞ�����Żř�ƵŵŚƠŤºſř�Śºŝ
�ţ�Śŝ�ƹ�ŶƳƺƃ�ƾƯ�ƮǀƯźţ�ƵŵŹƺų�ħźţ�ƹ�śƺǀƘƯ�ƽŚƷ�ƱŚĪƯ��ƽŹŚĪƃƺū��ŻŚºǀƳ�ƖƟŹ�ƹ�ƞƣƺţ�ƱŚƯŻ�ƂƷŚƧ�ƶŝ�ƶūƺ

���������ƾºƯ�ƂƷŚºƧ�šřźºǀưƘţ�ƶƴƿżƷ��ŶƿŶū�ƶƘƐƣ�Ŷƿźų��ŶºŝŚƿ��řźƟƿ�ŚƷŶºƴƽ��ŵŚºưŬƳř�ƽ����ŹŚĪºƃƺū�ƪºŨƯ�ƽ�ĩźţ���ºǀ��ƹ�Ŝ
Źƿ���ůŚƳ�Źŵ�řŹ�ŹŚŤųŚſżǀ��Ɯţ�Ɓƺū�ƶǀǀƯ�źƾ��ŶƷŵ�ƴĤưƷǀŵƹŹƹ�šŹřźů�ƲƽƃŚƳ�ƾƬưƗ�Żř�ǀŹŚĪƃƺū�šŚƽ��ŦºƗŚŝ��
Ɯţǀǀ�Ź�šřźƿ��ůŚƳ�Źŵ�ŹŚŤųŚſżǀ����šŹřźů�Żř�źŧŚŤƯ�ƶ�HAZ��Ưƾĭ�ŵŵź��ƯǀůŚƳ�ŹŚŤųŚſƹźĪǀ����ŵǇƺºƟ�Źŵ�Ɓƺºū�żºƬƟ�ƶ

17-4 PHżƴţŹŚƯ�ƪƯŚƃ�ŚſŚſř�ƿĪƄţ�ŚƯř�Ţſř�ŢǀưŬů�źƀĩ�ƪƾƮĩ�źƟ�ŚŤƫŵ�ƿŢƳ�ǀżƯŻ�Źŵ�ǀƴţŹŚƯ�ƶƴżƿ��źºĜưţ�Ţ
ŵźĭ�ƵŶƷŚƄƯ�ƵŶƄƳƿŢſř�ƵŶ[10]��ŵ�ƝźƏ�Żřƿ���źºĮ����ƱżºƳ�ĬºƳŻ�ŵǇƺºƟ17-4 PH�ŹŚĪºƃƺū�ƽ���ǇƺºưƘƯ�ƵŶºƃ�

řźƃŹŵƿ��ƎAs-weld��ưƳŹřźƣ�ŵŚƠŤſř�ŵŹƺƯ�ƾĭǀĮƯ�ŵź�ƬưƗ�ƶºĪƳōź�ºǀ�ºţŹřźů�šŚƾ��ƁƺºūŻř�žºě�Ï�ºƬưƗ�ƾ�ŶºƃŚŞƳ���
řźŝƽ���Ƈřƺų�ƱŵŹƹō�ŢſŶŝ�ƾ�ŵżƳ�ƿ���ŚěżƬƟ�ƅřƺų�ƶŝ�Ĩƿ���ƶPWHT�ŹƹźƋ�ƽ���Ţſř��ƶĩŵ��Źřƿ��šŹƺƈƴ��ƱŚºƯżưƷ

���ƶƤƐƴƯ��ƁƺūżƬƟHAZ���ƹ�ŚěżƬƟƿ��Ư�ŢŴſ�ƶƾ�ƹ�ŵŵźĭ�ƴĤưƷǀŚƸƄƴţ�Ʋƽ�ºƯ�ƂƷŚĩ�Ɓƺū�ƵřźưƷ�ŶƳŚưƀě�ƾƿ�ŶºŝŚ�
�řźŝŚƴŝ�ƹƿ��Ư�ǇŚŝ�ƩŚƈţř�ƱŚƯŶƳřŹ�ƲƾŵƹŹ���ƬưƗǀšŚ�ōƳǀƪƫǈŰƳř�ƾěŻř�ƪŞƣ�ǀŻŚſźƽ�Ƴ�ºǀ�ż��ºƯ�ŦºƗŚŝƾ��Ư�Śºţ�ŵƺºƃ�ºǀƱřż��
ŚŤƫŵźƟƿ�Źŵ�Ţ��ƹ�ƁƺūżƬƟ���ƶƤƐƴƯHAZ����ƂƷŚºĩ�ƿ��ƹ�ƶºŤƟŚ����řŸºƫƿ�ŤųřƺºƴĪƾ���ƹ���ƭŚĪŰŤºſř��ƶºƤƐƴƯ��řżºƟř�Ɓƺºūƿ�Ƃ
ƿŶŝŚ[10]����

                                                
1� Precipitation Hardening Stainless Steel / PH 
2� Post Weld Heat Treatment (PWHT) 
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ƹŹ�źŝ�ƶƘƫŚƐƯ�ƶĩ�ŚŬƳō�ŻřƽƜţ�ǀǀŹ�šřźƿŹŚŤųŚſżƽƃŚƳ�ƾƬưƗ�Żř�ǀŹŚĪƃƺū�šŚ�Źŵ�ƽŵǇƺƟPH �17-4�Ƴ�ƹ�ǀ�źŧř�ż
PWHT���ǀƜţ�Ʋƿř�źŝ������ŶƄƳ�ŢƟŚƿ��šřźǀ�ř�Źŵƿ�ƤŰţ�Ʋǀ�Ƣ�źŧřPWHTƜţ�źŝ�ǀǀšřźŹ�ƿŹŚŤųŚſżƹ��ŤŴſƾ��Ʋƿř�ǇƺºƟ�ŵ

�ƶĩ�ƁƹŹ�ƶŝŹŚĪƃƺūƽGTA�ƯźţǀƮ��ƵŶƃ��ƾſŹźŝŵźĭƿŢſř�ƵŶ���
��
Ï�ƢǀƤŰţ�ƁƹŹ�ƹ�ŵřƺƯ��
řźŝƽŚƯŻō�ƭŚŬƳř�ƿ�Żř�šŚƄƿř�ƶƳřƺŤſř�ŵǇƺƟ�ƶƘƐƣ�ĨƽźƐƣ�ƶŝ�ƪĪƃ�mm�îè�ƩƺƏ�ƹ�mméåå�ŵǇƺƟ�žƴū�Żř�

�ƱżƳ�ĬƳŻ17-4 PH�ŚƠŤſřŶƃ� Ƶŵ� �ƫŚƳōǀĩźţ� żǀƃ�ŜǀưǀŚƾƿř�ƿƫō�ƲǀƳŻƹ� ŶƇŹŵ�Ŝƀů� źŝ� ĥŚƾ� �0.01%C, 

0.86%Mn, 0.021%P, 0.007%S, 0.8%Si, 15.74%Cr, 3.96%Ni, 0.06%Mo, 2.74%Cu, 
0.3%(Nb+V) and Fe balance�Śŝ�ƶĩ�ŵƺŝ�ASTM A705 (grade 630)�řźŝ�ŵŹřŶƳŚŤſř�ƽ�ĬƳŻ�ŵǇƺƟ�

ŤŴſ�śƺſŹ�ƱżƳƾźĮƴƷō�ƵŶƳƺƃ�ƽŝŚƐƯ��ƵŶƃ�ŵŹřŵ�ŢƤ[12]��ŹŚţƿƬŞƣ�ƶĤŴƾƬưƗ�ǀţŹřźů�šŚƾř�ƿ�Źŵ�ŵǇƺƟ�Ʋ
�ƩƹŶūæŢſř�ƵŶƯō�����

� �
µÁ|m�����ZeËÄrz¸^«�Ê¸¼��ÌcZe�Y�u�Ê·M�Ì��ZY��{�Ã{Z¨f�Y�{�Â»Ë¬ve�¾Ìª���

Hardness 
(RC)� Heat treatment Condition Label 

37.5 
Condition A(1h), Oil Quench, 550ºC(4h), Air 

cool, 620 ºC (4h), Air cool 
As-

received 
I 

��
ř� ƶŝ� ƶūƺţ� Śŝƿř� Źŵ� ƶĪƴƿƤŰţ�ƲǀŹŚĪƃƺū� Żř� �ƢƽŹŚĪƃƺū� ƱřƺƴƗ� ƶŝ�ƽƯźţ�ǀưƾŵźĭ� ƵŵŚƠŤſř�ƿ�řŸƫ�Ţſř� ƵŶ

řźƃƿƬưƗ�Ǝƾ�Ɨ�ŵƺūƹ�ƉźƟ�Śŝǀ�Ŝƿ�ħźţ�ŚƫŚưŤůřƾ��ƶƘƐƣ�ŹŵŞƃǀŻŚſ�ƶƽŶƃ�� �ƃ�řŶŤŝřǀŹŚƽ�ƶŝ�ŻźƟ�ƩƹŶƯ�Śŝ�
�Żř� ŹƺƔƴƯŝǀƗ�Ʊō�Ʊŵźŝ�ƲǀŵŚƘŝř� Śŝ�ƹ�Ŝƽ�ƪĪƃ�Źŵ�ƶĩ�æŚƄƳ�ř�Ţſř�ƵŶƃ�Ƶŵřŵ�ƱƿŹŚĪƃƺū�žĜſ�ƹ�ŵŚŬƽ�

ŵźĭƿŶ���ŵŹřŶƳŚŤſř�ƶŝ�ƶūƺţ�ŚŝASME section II ƬưƗ�ǀŹŚĪƃƺū�šŚƽ�ƁƹŹ�ƶŝ�GTAW��Żř�ƵŵŚƠŤſř�Śŝ�ƹ
ſǀ�Ɓƺū� ƮER630ĩźţ� Śŝ�ǀƃ�ŜǀưǀŚƾƿ�0.032%C, 0.54%Mn, 0.021%P, 0.01%S, 0.37%Si, 

16.2%Cr, 4.59%Ni, 0.68%Mo, 3.9%Cu, 0.27%(Nb+V) and Fe balance�ŵŹřŶƳŚŤſř� Śŝ�ƢŝŚƐƯ�
AWS A5.9-93Ŷƃ�ƭŚŬƳř� �� �ŚƷźŤƯřŹŚěƽŹŚĪƃƺū�ƽƳ�ǀ� żř� ƶŝƿŢſř� Źřźƣ�Ʋ� �źūƿ�ƱŚ A�æêå��æèåĥŚŤƫƹ� ������

V�æë�æéŹŚĪƃƺū�ŢƗźſ� �ƽ mm/minçåå�æíåŚŝ� ƱƺĭŹō�ƒƟŚŰƯ� ŻŚĭ� ���ƅƺƬųîî�îî� � ��űźƳ� Śŝ� ƹ
źūƿƱŚ lit/min�æé�ææ� 

� �
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� �
�¶°����uY��ÊeZ¼��Ì��®ÌY��ZË�dÆm�Ã|��{Zn¸¼��¹Zn¿YÌ�Z°�Âm�cZÉ»�e�Ì¼Ê���

� �
ƬưƗ� Żř� ŶƘŝǀŹŚĪƃƺū� šŚƽ� �PWHT� ƶſ� Źŵ�řźƃƿƎƞƬŤŴƯ��II� �III�ƹ�IV�ŵŹřŶƳŚŤſř� ŽŚſř� źŝ� ƹ��������

ASTM A705[12]�ŹƺƐƳŚưƷ�ƶĩ�ƩƹŶū�Źŵ�çŢſř�ƵŶƯō�ŢƟźĭ�ƭŚŬƳř����ř�śŚŴŤƳř� ŚŝƿŬƳŹ� �ŚƷŚƯŵ�Ʋƾ�Żř�
ŚƷ�ƶƳƺưƳƽě�ǀě�ĨǀŻŚſźƽ��peak-aged��ěřźƟ�ƶƳƺưƳ�Śţǀ�ƵŶƃź�over-aged��ŶƯō�ŢſŶŝ[13]����

� �
�µÁ|m���PWHTY��{�Ã|��Ã{Z¨f�Y�Ë¬ve�¾Ìª���

Heat treatment��Conditions� �Label� �
Condition A(1h)      480�C  × 1h         Air cool H900 II 
Condition A(1h)      550 �C × 4h         Air cool H1025 III 
Condition A(1h)      620 �C × 4h         Air cool H1150 IV 

� �
ŚƷ�ƶƳƺưƳ�žĜſƽƟřźĭƺƫŚŤƯ�ƾŹŚĪƃƺū�ƶƤƐƴƯ�Żř�ƽŻŚſřŶū��ƵŶƃ�ƽŚƷŸƛŚĩ�Śŝ�ƹ�Ŷƃ�ƽ�ƵŵŚŞƴſ�ëå�Śţ�æçåå�

ƫƺěǀưų�Śŝ�ƹ�Ƃǀ�ƶſŚưƫř�źæƯ�ǀŚƸƳ�Ţųřŵźě�ƱƹźĪƾƿŵźĭ�ƿŶ�ŢƸū�ŚƯŻō�ƿƘţ�ƹ�ġřƹźĩŚƯ�ƂǀǀůŚƳ�Ʋǀ�Ɓƺū�ƶ
�ƹHAZĩźţ�Śŝ�ƪŝŹŚƯ�ƩƺƬŰƯ�Źŵ�ŚƷ�ƶƳƺưƳ��ǀ�Ŝé��ƭźĭCuSO4��çå�ƯǀƬƾƫ�ǀ�źŤHCl��çå�ƯǀƬƾƫ�ǀ�źƐƤƯ�śōźŤ

ŵźĭ�ĨƄųŹřƺƄſ�Śŝ�ƹ�ƺƄŤƃ�ƪĪƫř�Śŝ�žĜſ�ƹ�Źƹ�ƶƏƺƛƿŶƳŶ��řźŝƽƯ�ƵŶƷŚƄƯ�ǀěƺĪſƹźĪƾŚě�żƬƟ�ƢƏŚƴƯ�ƿ��ƶ
�ƹ�ƁƺūżƬƟHAZƹ�ƩƺƬŰƯ�Źŵ�ŚƷ�ƶƳƺưƳ��ƿǈƬ��Villela��ĩźţ�Śŝǀ�Ŝæſř�ƭźĭǀě�ŶǀźĪƿ��Ĩê�ƯǀƬƾƫ�ǀ�źŤHCl��

æååƯǀƬƾƫ�ǀ��ƩƺƳŚţř�źŤƃ�Ƶŵřŵ�ŹřźƣŶ��ƫŚƳō�ŢƸūǀƣŵ�żǀƯ�Żř��Ɓƺū�ƶƤƐƴƯ�źţ�ƢǀƳƹźŤĪƫř�ęƺĪſƹźĪƾƄŝƹŹ�ƾ 
LEO 1455VP(SEM)�Ŷƃ�ƵŵŚƠŤſř���ƲǀƴĤưƷŤŴſƾŬƴſ�ƾ�ƩƺĩřŹ�Śŝ�CůŚƳ�ƶſ�Źŵ�ǀ��Ɓƺū�ƶHAZ�żƬƟ�ƹ�

ŚěƿƶŸě�ƭŚŬƳř�ƿŢƟź���
��
è�ƿŚƷ�ƶŤƟŚŦŰŝ�ƹ���
è��æ�ƶƳƺưƳ�I��As-weld���
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Ưǀ�ƶƳƺưƳ�ŹŚŤųŚſƹźĪAs-receivedƺƈţ�ƶĩ�ƿ�źSEM��ƪĪƃ�Źŵ�ƱōçżƴţŹŚƯ�ƪƯŚƃ��Ţſř�ƵŶƯō�ƿţ�Ţǀř�ƶƜƽ�
źƟ�ƹ�ƵŶƃ�źĜưţƿƯ�ŢƾŶƃŚŝ����

� �
� �
� �
� �
� �
� �
� �
� �
� �
� �

� �
� �
�ƯŚĮƴƷƾźƟ�šŹƺƇ� ƶŝ� ŵŚưŬƳř� ƶĩ�ƿƹř�ŢƫǀƯ� űŹ� ƶƾŚě� Źŵ� �ŶƷŵƿ� ŵŚưŬƳř� ƱŚŹřŶƤƯƽƴŤſō�ǀŚƷŻźƯ� Źŵ�Ţƽ�

ŹŶƳŵƿŤƾźƟ�ƿĪƄţ�ŢǀƯ�ƪƾƯ�Ʊŵźĩ�ŶƃŹ�ƶŝ�ƕƹźƃ�ƹ�ŵŵźĭ�ƾ�ƹ�řƺƷ�Źŵ�Ʊŵźĩ�ŵźſ�Śŝ�ƹ�Ŷƴĩ�ƿ�ƩƺŰţ��ƲƛƹŹ�Ś
ƴŤſōǀżƴţŹŚƯ�ƶŝ�ŢƿƯ�űŹ�ŢƾŚƸƳ�ŹŚŤųŚſ�ƹ�ŶƷŵ�ƾƿţ�ƪƯŚƃ�ǀŚƷ�ƶƜƽżƴţŹŚƯ�ƿŚƷ�ƶƳřŵ�ƪųřŵ�Źŵ�ƵŶƄƳ�źĜưţ�Ţƽ�
ƴŤſōǀƫƹř�ŢǀŹŶƳŵ�ƵřźưƷ�ƶŝ�ƶƿŚƷ�Ţƽ�� ŚŤƫŵźƟƿƫƹř�ŢǀƯ�ƶƾŶƃŚŝ�[11]� ��ƶƳƺưƳ�ŹŵI� �ě�ƪůřźƯ�Żř�ŶƘŝǀŻŚſźƽ�
ƯǀŹŚŤųŚſƹźĪƽŹŚŤųŚſ�Śŝ�ƶŝŚƄƯ�ƹ�ƿƲţŚŤƃř�ƲƯŶŵ�ƿƯ�ƵŶƾ�ř�Ɩƣřƹ�Źŵ�ŚƯř�ŵƺƃƿǇ�ƲƿŚƷ�ƶƽƠſ�ǀ�Źŵ�ƶĩ�ĬƳŹ�Ŷ

� ƪĪƃçƯ� ƵŶƷŚƄƯ�ƾ� �ŵŵźĭ�źƟ� ŚƠƫō� ŻŚƟƿ� ŵŶŬƯ� ŹƺƬŞţ�Ţƿ� ƶŤƟŚżƴţŹŚƯ� Źŵ� ƶĩ�ŢſřƿĪƄţ� ƵŶƃ� źĜưţ�Ţǀ�ƪ
ŵźĭƿŢſř� ƵŶ� �ƴƛ�šŚŝƺſŹ� ŵƺūƹƾƤƯ� Źŵ�žƯ�Żř�ǀƳ� ƺƳŚƳ�ŽŚǀƏ� Źŵ� żƾƬưƗ�ǀţŹřźů�šŚƾě�ǀŻŚſźƽ�Ǝſƺţ�
ŵƿŢſř� ƵŶƃ�ƁŹřżĭ� ƱřźĮ[1-6]� �ůřƺƳƾř�ƞƬŤŴƯ�ƿſƺŝ� ƵŶƃ� ŵŚŬǀƬưƗ� ƶƬǀšŚŹŚĪƃƺū�ƽ�GTA�Śŝ� řŶŤŝř�

ƟřźĭƹźĩŚƯƾŵźĭ�ƆŴƄƯ�ƿŶ��ƺƈţƿ�źSEMůŚƳ�Żř�ǀƁƺū�ƶƶƳƺưƳ��As-weld�ƪĪƃ�Źŵ��è�ƵŶƃ�Ƶŵřŵ�ƱŚƄƳ�
Ţſř��ŹƿƯŻ� ƪƯŚƃ� ŹŚŤųŚſżǀżƴţŹŚƯ� ƶƴƿŤƾ�šŹƺƈŝ�ţǀƶƜŚƷ�ƽƄĩ� ƹ� ŶƴƬŝ�ǀƵŶżƴţŹŚƯ�ƿŢ�Źŵ� ƶĩ� ƵŶƄƳ� źĜưţ�

ŶƳř�Ƶŵźĩ�ŶƃŹ�ƞƬŤŴƯ�šŚƸū��ƹƴĤưƷǀ�ƲźƟ�ŚŤƫŵƿř�ƶĩ�Ţƿţ�Ʋǀ�řŹ�ŚƷ�ƶƜƯ��Ţſř�Ƶŵźĩ�ƶƏŚůřƾŶƃŚŝ���ŤƳǀ�ƶŬ
ĩŚƯƟřźĭƹźƾ�ƪĪƃ�Źŵ�éůŚƳ�ƵŶƴƷŶƳŚƄƳ�ǀ�ƶƤƐƴƯ��Ɓƺū�ƶśƹŷ��Fusion Zone���HAZŚě�żƬƟ�ƹ�ƿƯ�ƶƾŶƃŚŝ���

ŚƴƸě� �ġřƹźĩŚƯ�Ţƀţ� ƶŝ� ƶūƺţ� Śŝƽ�HAZ� ŵƹŶů�Źŵ�èƯ�ǀƬƾŢſř� źŤƯ�� �ƟřźĭƺƫŚŤƯ�šřŶƷŚƄƯ�ŽŚſř� źŝƾ� �é�
ůŚƳǀŚưŤƯ� ƶƿ�Źŵ� żHAZŢſř�ƆŴƄƯ�� ��ƪĪƃ�a� �éƷŶƳŚƄƳ� �Ťưƀƣ� ƵŶƴƾ�Żř�HAZ�śƹŷ� ŻźƯ�šŹƹŚŬƯ� Źŵ�

ůŚƳ�ƶĩ�ŢſřǀƳō�ƶǀƫǈŰƳř�ƪƾŢſř���ř�ŹŵƿůŚƳ�ƲǀŻŚſ�ƪů�ƶĩ��ƶƽƯ�ƭŚŬƳř�šŚŝƺſŹ�ƾ�ĭǀŹ�ƵŶưƗ��ŵźƿ�ŹŚŤųŚſż
źƟ�Żř�ǇŚŝ�šŹřźů�ƶūŹŵ�ŹŵƿĪƄţ�Ţǀƫƹ�Ţſř�ƵŶƃ�ƪƾŹřŶƤƯ�Ţſř�ƲĪưƯ�ƽƴŤſō�ǀŚƷ�ƶƳřŵŻźƯ�Źŵ�ŢƽźƟ�ƿ�Ţ

ŶƃŚŝ�ƶŤƃřŵ�ŵƺūƹ���ƶūŹŵ�Śţ�ƱŶƃ�ŵźſ�ƊŰƯ�ƶŝŹ� �ơŚţř�šŹřźůƿţ�ƪƯŚƃ�ŹŚŤųŚſżǀŚƷ�ƶƜƽżƴţŹŚƯ�ƿŤƾ�źĜưţ�
źƟ�ŚŤƫŵ�ƹ�ƵŶƄƳƿƯ�ŢƾŶƃŚŝ�����

 

�¶°����Â�eË��SEM»��Y�ÌÄ¿Â¼¿��ZfyZ�Á�°�as-received�
�{ÓÂ§17-4PHÓ��Z§�,ËY�ÄÉ¨��¶°��Ì�§�²¿��|Ë»���{�dÌ�ÄÀ

�Àe�Z»Ëe�dÌY�Ä¤ÉÃ|���b¼e��� �

�¶°����Â�eË��SEM»��Y�ÌuZ¿��ZfyZ�Á�°Ì��Âm�Ä�{��Ä¿Â¼¿I 

(As-weld)�,�{ÓÂ§17-4PH�Z°�Âm�É�Z]�GTAW�,
�Àe�Z»Ë�§�Zf·{�Á�Ã|�¿��b¼e�dËd���
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� ¶°��� �§Y�³Á�¯Z»Ê��Âm� �Y�GTA� Ã|ÀÅ|¿Z�¿� Ä¯��c,b,a�Ád�� ª�ZÀ»�HAZ�� Á�e� �� [Á}� Ä¬�À»»Ê|�Z]�� �ÁZ�e� Ä¼ÅË��

»Ì�Â¿�_Â°�Á�°ÉZ¼À³��]��{�ÊË�Ë�{�Ä¯�|Àf�Å�½Z�°�(a)d�Y�Ã|��Ã{Y{�½Z�¿��� �
� �

�ƪĪƃ�Źŵ�b� �é� ŹƿŹŵ� ŹŚŤųŚſż�źƟ�ƪƯŚƃ�ǇŚŝ�šŹřźů�ƶūŹŵƿƴŤſō� ƹ�Ţǀŵƺŝ�ŶƷřƺų�Ţ� �ř� Źŵƿ�Żř� ƶƤƐƴƯ�Ʋ
HAZ�ŚƯŵƟŚĩ� ŹřŶƤƯ�ƶŝ�ƾƯ�ǇŚŝ�ƾƃŚŝ�ƴŤſō� ƶƳřŵ�ŶƃŹ� ƶĩ�Ŷǀŵřŵ�ŶƷřƺų�űŹ�Ţ� �ř� �ƱŶƃ�ŵźſ�ƊŰƯ�ƶŝƿ�Ʋ

ţ�ƪƯŚƃ� ƶƤƐƴƯǀŚƷ� ƶƜƽżƴţŹŚƯ�ƿ� ƹ� ƵŶƄƳ� źĜưţ� ƶŤŞƫř� ƹ� ƵŶƃ�ŢƃŹŵ�ŢźƟ� ŚŤƫŵƿŶƃ�ŶƷřƺų�Ţ� ��ƪĪƃ�c� �é� 
ƄŴŝƾ�Żř�HAZƯ�ƾŹŚĪƃƺū�ƭŚĮƴƷ�Źŵ�ƶĩ�ŶƃŚŝ�ƽŻŚƟ�ƹŵ�ƶƤƐƴƯ�Śţ�ƽƴŤſō�ǀźƟ�ƹ�ŢƿƯ�ƭźĭ�Ţƾƫƹ��ŵƺƃ�ƾ�

ŚŬƳō�ŻřƾƿŚě�Ʊō�šŹřźů�ƶūŹŵ�ƶĩ�ǀƿůŚƳ�Żř�źţ�Ʋǀ�ƶbƯ�ƾŹ�ŚƷ�ƶƳřŵ��ŶƃŚŝ�ƿŶƳźţż���Źŵ�ƪĪƃ�d��é� Źƿ�ŹŚŤųŚſż
ƟřźĭƺƫŚŤƯ�ŢŰţƾ�Śě�żƬƟ�ƵŶƴƷŶƳŚƄƳ�ǈƯŚĩƿƟ�ƶěřźǀƵŶƃź��Over-aged��Ưƾ�ř�ƶĩ�ŶƃŚŝƿ�ƱŶƃ�ƭźƳ�ŜŞſ�ƶƫŚƀƯ�Ʋ

ƘƋƺƯƾŚě�żƬƟ�ƶŝ�ŢŞƀƳ�Ʊō�ƿƯ�ƶƾŵƺƃ���ƴģǀƜţ�ƲǀǀŹŚŤųŚſ�šřźƽ�Źŵ�HAZżƴţŹŚƯ�ƱżƳ�ĬƳŻ�ŵǇƺƟ�Źŵ�ƿŤƾƳ�ǀ�ż
Ţſř� ƵŶƃ�ƁŹřżĭ[11]� �řźƟƿŹŚĪƃƺū� Ŷƴƽ�GTAƴĤưƷ�ǀƜţ�ŦƗŚŝ� ƲǀǀţřźƾƳŚĪƯ�ƅřƺų� Źŵ�ǀĪƾůřƺƳ�ƾ�

Ư�ƞƬŤŴƯƾŵƺƃ���ŤƳǀŤŴſ�ƶŬƾŬƴſ�ƾ�ƶƳƺưƳ�Źŵ�IůřƺƳ�Żř�ƾŚě�żƬƟ�ƿ��ƶHAZ�ƪĪƃ�Źŵ�ƶĩ�Ɓƺū�ƹ�ê�ƵŶƯō�
Ư�ƱŚƄƳ��ŢſřƾŤŴſ�ŹřŶƤƯ�ƶĩ�ŶƷŵ�ƾůřƺƳ�Źŵ�ƾ�HAZě�ƂƷŚĩ�Ɓƺū�ƹ�ǀŢſř�Ƶŵźĩ�řŶ����

 
 
 
 
 

 
 
 
 

� �
������������������������������¶°����fz�ÊnÀ��ÊZa��¸§�ª�ZÀ»�Ë�,ÄHAZZÅ�Ä¿Â¼¿��{��Âm�Á�É�I�,II�,III�Á�IV��� �
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Ư�Źŵ�ƂƷŚĩǀřżŤŴſ�Ʊƾ�ƹ�Ɓƺū�żƬƟ�HAZŚě�żƬƟ�ƶŝ�ŢŞƀƳ�ƿţźţ�ƶŝ�ƶǀƯ�Ŝƾƴƛ�šŚŝƺſŹ�ƱřŶƤƟ�ŶƳřƺţ�ƾ�Żř�
Ŷě�ƹ�žƯƿ�ƱŶƃ�ƭźƳ� ƵŶ�İƃŚƳźƟ� ŚŤƫŵ�ŻřƿƟŚƋř�Ţƾ��ƹƿ� ŚƷ�ƶƳřŵ�ƱŶƃ�ŢƃŹŵ� ŚŶƃŚŝ[11]� �Ư�ƶƇǈų�ŹƺƐŝƾ�

řźƟ� ƶĩ�ŢƠĭ� ƱřƺţƿŹŚĪƃƺū� Ŷƴƽ�GTAƜţ�ŦƗŚŝ�ǀǀƯ�šřźǀŹŚŤųŚſƹźĪƽŤƳ� Źŵ� ƹ�ǀƳŚĪƯ� ŹŚŤƟŹ� ƶŬǀĪƾ�Źŵ�
ůřƺƳƾ��ƹ�ƁƺūHAZƯ�ƾŵŵźĭ����
��
è��ç�ŚƷ�ƶƳƺưƳƽ�PWHT���
ƫƹřǀ�ůźƯ�Ʋº���Źŵ�ƶƬPWHT�Ƴō��ǀ�ƫǈŰƳř�ƪƾ����ƶĩ�Ţſř��ůŚƳ�ƝŸů�ŦƗŚŝ�ºǀ��źƌºƯ�ƶHAZŚƤƯ�Źŵ��ºƿ�ưƳ�Śºŝ�ƶƀ�ºººº�ƶƳƺ

As-weld�Ưƾ�ŵƺƃ��������ƪĪƃ�Źŵ�ƶĩ�ŹƺƐƳŚưƷ�ë�����ŚƤƯ��Ţſř�ƵŶƃ�Ƶŵřŵ�ƱŚƄƳ��ºƿ��ƟřźĭƹźĩŚºƯ�ƶƀƾ���ƶºƳƺưƳ�Źŵ�I�ƹ�IV�
�ƩŚŨƯ�ƱřƺƴƗ�ƶŝ��ŒƯƿř�Ŷƿ�ƶĩ�Ţſř�ŜƬƐƯ�ƲƬưƗǀƳō�šŚǀƫǈŰƳř�ƪƾŝ�Żř�ƶŝ�źŬƴƯ�ǀ�ƲŤƟŹ�ƲHAZŵźĭ�ƿ�ƎƤƟ�ƹ�ƵŶ

�ƶƤƐƴƯŝ�śƹŷǀůŚƳ�ƲǀŚě�żƬƟ�ƹ�Ɓƺū�ƶƿŢſř�ŹŚĪƃō�ƶ����
� �
� �
� �
� �
� �

�¶°�����§Y�³Á�¯Z»Ê��Âm��Y�GTAZÅ�Ä¿Â¼¿��{�É�(a)�I�Á�(b)�IV]��Y�Ã|ÀÅ|¿Z�¿�Ä¯�Ì�¾f§��¾HAZ»�Ê|�Z]��� �
� �
ŹƿżŚƷ�ƶƳƺưƳ�ŹŚŤųŚſƽ�17-4 PHůřƺƳ�Źŵ�ƾŚě�żƬƟ�ƿ�Ɓƺū�ƹ�ƶřźƃ�Źŵƿ�ƎII��III�ƹ�IV�ƪĪƃ�Źŵ�ì��Ƶŵřŵ�ƱŚƄºƳ�

�Ţſř�ƵŶƃ��Źƿ�ĮưƷ�Źŵ�ŹŚŤųŚſżƾřźƃ�ƿƯŻ�ƪƯŚƃ�ƎǀżƴţŹŚƯ�ƶƴƿţ�źĜưţ�Ţǀř�ƶƜƽ�����ºưĩ�ŹřŶºƤƯ�ƵřźºưƷ�ƶºŝ�ƪĪºƃ�ƾ�
�źƟ�ŚŤƫŵƿ�Ư�Ţƾ�ŶƃŚŝ����řżƟř�Śŝƿ�ŚƯŵ�Ƃƽ�ě�ǀŻŚſźƽ�Źƿż�Ɯţ�ŹŚŤųŚſǀǀţřźƾ�Ư�ƾ����ưŬů�źƀĩ�ƶĩ�Ţſř�ŮƋřƹ�ƹ�Ŷƴĩ�ƾ�

�ĥƺƫƺƟŹƺƯ�ƹƽ���ŻŚƟ�ƿ�ŚƷŻŚƟ�Śƾƿ�Ɯţ�ǀǀ�źĩ�ź���ř�ƶĩ�Ţſř�Ƶŵƿ�ƶƳƺưƳ�Źŵ�ƕƺƋƺƯ�ƲIVƫŵ�ƶŝ�ǀ����Źŵ�ŵŶºŬƯ�ŹƺºƬŞţ�ƕƺºƣƹ�ƪ
�ŹŚŤųŚſ�ŝ�ǀ�ƆŴƄƯ�źŤƄ�Ţſř�����ƮƸƯ�ƶŤĪƳ�ŚƯřř�ƿƶĩ�Ţƀƴ�ƩŚưƗř�Śŝ�PWHTƯ�ǀ�ůŚƳ�Źŵ�ŚºƯŵ�źƷ�Źŵ�ŹŚŤųŚſƹźĪ�ºǀ�ƶ

���Ɓƺū�żƬƟ����ºŝ�ƹ�Ʈºĩǀ��ƶŝŚƄºƯ�Ƃ�Śě�żºƬƟ�ºƿ�ƶ�Ţºſř������ƶºĪƳō�ƪºǀƫŵ�ƶºŝ�ºſŹźŝƾƯ�ǀ��ŹƺºƳ�ęƺĪºſƹźĪƽ�Ƈƺƈºų�ǀ�šŚ
Ưǀ��żū�ƹ�ŹŚŤųŚſƹźĪǀƿ�ƯŻ�šŚǀ��ƶƴżƴţŹŚƯƿŤƾ����ŚƷ�ƶƳƺưƳ�Źŵ�řŹ�ƽ�ưƳ�ŢſŶŝ�ƞƬŤŴƯ�ƾŶƷŵ��ƯƾŚŝ�ƿŤƀƾřźŝ�ƽƘţ��ǀºǀƲ�
ƣŵººǀƢźººţ�Ư�ǀ�Żř�ŹŚŤųŚººſƹźĪSEM��ŵźººĩ�ƵŵŚƠŤººſř��źŤƯƺƳŚººƳ�šŚŝƺººſŹ�ŶººƴģźƷ�ƽººƴƛ�ƾ�ř�Śººŝ�řŹ�žººƯ�Żř�ººƿ�Ʋ
Ưǀ�Ƴ�ęƺĪſƹźĪǀưƳ�żƾſŹźŝ�Ʊřƺţ�ƾŵźĩ�[2]��ƪĪƃ�ŹŵíƹŚƈţ�ƿ�źSEMƯ�Żř�ǀ�ůŚƳ�ŹŚŤųŚºſƹźĪ�ºǀ�Śě�żºƬƟ�ƶ�ºƿ�Źŵ�ƶ

�ŚƷ�ƶƳƺưƳƽ�II��III�ƹ�IV��Ţſř�ƵŶƯō����ƶƳƺưƳ�Źŵ�II��ƪĪƃ��a��í��ţ��ǀ�ŚƷ�ƶƜƽ�żƴţŹŚƯ�ƿ��ƶºĩ�ƵŶƃ�źĜưţ�ŹƺŰƯ�ƮƷ�Ţ
��ŚƷ�ƶƳřŵ�Źŵƽ�ƴŤſō�ǀ�ř�Ţƫƹǀ�ĪƄţ�ƶǀ���ŵ��Ţſř�ƵŶƃ�ƪƿ�Ư�ƵŶƾ��ŵƺƃ��ŚƯř�ŚƷ�ƶƳƺưƳ�Źŵƽ�III�ƹ�IV���ƩŚĪƃř�b,c��í��

�ţƹŚƠŤƯ�ŹŚŤųŚſƾ�����ƹ�ŵŹřŵ�ŵƺūƹ�ƿ�ĨŹŚŤųŚſ�Ǉƿ�ƶřƽ�ŹŚŤųŚſ�Śŝ�ƶŝŚƄƯƹ�ƿ�ƲţŚŤƃř�ƲƯŶ��ºƯ�ƵŶƷŚƄºƯƾ�ºĭ��ŵŵź��ƶºĩ
��ŶƴƳŚƯ�żƴţŹŚƯ�ŹŚŤųŚſƿ���ƩƺưƘƯ�ƵŶƃ�źĜưţ�Ţ�Źŵ��ƶƳƺưƳ��II�Ƴǀ��źƟ�ƪƯŚƃ�ƹ�ŢƀƿŚƠƫō�Ţƽ�ŵŶŬƯŹƺƬŞţ�ƿ�ƶŤƟŚ�Ǉ�ŻŚƟƿ�ƶ

řƽƠſ�ǀŶ�ĬƳŹ��żƴţŹŚƯ�ŹŵƿŢſř�ƵŶƃźĜưţ�Ţ��ŵ�ƝźƏ�ŻřƿŚŝ��źĮřżƟř�ƿŚƯŵ�Ƃƽě�ǀŻŚſźƽ�Żř�êêåƶŝ�� C}�ëçå�

a b 
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�Ư�ƵŶƷŚƄƯƾř�ŹřŶƤƯ�ƹ�ƵŻřŶƳř�ƶĩ�ŵŵźĭ�ƿǇ�ƲƿŚƷ�ƶƽƠſ�ǀŶ�řżƟř�ĬƳŹƿ�ƂƿŢſř�ƶŤƟŚ��ƬŞƣ�šŚƘƫŚƐƯƾ��Ƶŵřŵ�ƱŚƄƳ
���ƶĩ�Ţſřƿ�ǇŹŚŤųŚſ�Ĩƿƶřƽ�Źŵ��ƯǀƫōŹŚŤųŚſƹźĪǀĥŚ�PH�17-4�ŵ��ŹŚƷŚƯŵƽě�ǀŻŚſźƽǇŚŝ�Żř�źţ�C}�êìå���ŵƺūƹ

ŵŹřŵ�����ĪƄţ�źƏŚų�ƶŝ�Ţſř�ƲĪưƯ�ƶĩ�ǀƴŤſō�ƪǀŤƄĭźŝ�ŢƾÎ�ƹ�ƿ�ŻŚƟ�Ś�ŚƠƫōźƟƿ�ŵŶŬƯ�ŹƺƬŞţ�ŢƿżƴţŹŚƯ�Źŵ�ƶŤƟŚ�ºƿ�Ţ
��ŶƃŚŝ�ƵŶƃ�źĜưţ[5]����ŹřŶƤƯ�ƹ�ƵŻřŶƳř�ř�ƿǇ�ŻŚƟ�Ʋƿř�ƶƽƠſ�ǀ�ĬƳŹ�ŶƤŰţ�Źŵǀ���źºƋŚů�Ƣ��ƪƣřŶºůéç���ºưŬůƾ��Źŵ

��ƶƳƺưƳIV����ĭ�ƵŻřŶƳř�ƢŞƏǀźƽ�Śŝ����ƁŻřŵźě�ŹřżƟř�ƭźƳ�ƺƈţƿįĥŹƺƫŚŤƯ�źÏ��Ưƾ�ŶƃŚŝ�ƹř�ř�ƩŚưŤůƿř�ƶĪƴƿ���ŹŚŤųŚºſ�Ʋ
�ŢƬƗ�ƶŝ�ĪƄţ�ǀ�ƴŤſō�ƪǀ�ŤƄĭźŝ�Ţƾ���ŵŹřŶƳ�ŵƺūƹ�ŶƃŚŝ��Ż�ƿř�ŹřŶƤƯ�řźƿĭ�ƵŻřŶƳř�ƢŞƏ�ŻŚƟ�Ʋǀźƽ��Śºŝ�XRD���Ǝºſƺţ

���ƹƹ�ĬƳƺƷ�ƂƳřŹŚĪưƷ�ƹ[5]�î�ë��ưŬůƾ�Ư�ƾų�ƶĩ�ŶƃŚŝ�ǀƬƾ�Żř�źŤưĩ�Ư�ºǀř�Ʊřż�ºƿǇ�Ʋ�ºƿ�ŚºƷ�ƶƽ�Ơºſ�ǀ��ƵŻřŶºƳř�Ŷ
ĭǀźƽ�����ƩŚĪƃř�Źŵ�ƵŶƃ�b,c��í�Ưƾ�ŶƃŚŝ���ƴĤưƷǀ��ƲŚƯŵƽ�As���ŚºƯŵƽ��ŶºŞţ�ƿ�żƴţŹŚƯ�ƪ�ºƿ����ƴŤºſō�ƶºŝ�ŢǀŢ���řźºŝƽ�
ƫōǀŚƷĥŚƽ�ƲƷō�óƳ�ǀ�ƪĪƳǀ�żŢſř�Ƶŵřŵ�ƱŚƄƳ�Ư�ƶĩ�ºǀ�ŻŚºƟ�Ʊřż��ƴŤºſōǀų�Ţǀ�ºƬƾ�źºŤưĩ��Żř��ŻŚºƟ�źƟ�ºƿŹŵ�Ţ C} ëçå�
ƯǀŶƃŚŞ.[5]�ŚŤƳƿ��Ư�ƱŚƄƳ�Ūƾ�����ƩŚưƗř�ƶĩ�ŶƷŵ�PWHT�ƿƴƘƾ�Ƴō��ºǀ��ºƫǈŰƳř�ƪƾ�������ƬưƗ�Ʊō�ƩŚºŞƳŵ�ƶºŝ�ƹ��ºǀ�ºţŹřźů�šŚƾ�
ěǀŻŚſźƽ�ƳƺĮưƷŚƳ�ƱŶƳŚſŹ�ƪƣřŶů�ƶŝ�ŦƗŚŝ��ƾƛ�ƹ�ǀ�źƿŤųřƺƴĪƾŹŚŤųŚſ�ƽŝ�ǀůřƺƳ�Ʋƾ�Śě�żºƬƟ�ƹ�Ɓƺū��ºƿ�ºƯ�ƶƾ�

ř�ƶĩ�ŵŵźĭƿƳ�ƶƯŶƤƯ�ƶŤƠĭ�Śŝ�ƕƺƋƺƯ�ƲǀŵŹřŵ�ŢƤŝŚƐƯ�ż����
��

��
 
 
 

                                                
1� Reverted Austenite 
2� Metallurgical Image Processing / MIP 
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ZaË��{�Ä(a)�II�,�(b)�III�Á�IV (c)�� �
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�ŚŤƳƿ�ŤŴſ�Ūƾ�Ŭƴſ�ƾ�ŵ����ƪĪƃ�Źê�Ƴ�ǀ�����ƝŸů�Żř�ƱŚƄƳ�żHAZ���ŚƷ�ƶƳƺưƳ�Źŵ�ƽ�II���III�ƹ�IVƯ�ƾ���ŚºŤƳ�Śºŝ�ƹ�ŶºƷŵ�ƿ�Ū
ųřǀ�ƳřƺŴưƷ�źƾ����ŵŹřŵ�ƿƴƘƾ��ƬưƗ�ƭŚŬƳř�Śŝ��ºǀ�ºţŹřźů�šŚƾ��ŹŚĪºƃƺū�Żř�ŶºƘŝ�ƽŻƺţ��ºƿ�ŤŴºſ�Ɩƾ�ƀºŝ�ǀ�ŹŚƿ�ŤųřƺºƴĪƾ�

�ŶƯō�ŢſŶŝ����ŵ�ƝźƏ�Żřƿ�řżƟř�Śŝ�źĮƿŚƯŵ�Ƃƽě�ǀŻŚſźƽ�Żř�éíå�ƶºŝ��C�}ëçå��ŤŴºſ�ŹřŶºƤƯ�ƾŻř�ŝ��ºǀźŤƄƿ�ŹřŶºƤƯ�Ʋ�
ê�éè�ƶŝ�źŤưĩ�ƿ�ŹřŶƤƯ�Ʋ�HRCèå���ƂƷŚĩ�ƿŢƟŚ���źŤưĩ�ƶģźĭřƿ�ŚƯŵ�Ʋƽě�ǀŻŚſźƽ��C�}�éíå����ŹřŶºƤƯ�ƶºŝ�źºŬƴƯ��

ŤŴſƾ��Ư�źţǇŚŝ�ƾ���ŵźţ�ŚƯř�ŵŵźĭ�ƽ��Ư�Źŵ�ǀ�ř�ŹŚŤųŚſƹźĪƿ�Ư�ŵŚŬƾř�ƶĩ�ŵƺƃ�ƿƳ�śƺƬƐƯ�Ʋ�ºǀŢƀ[3]��ř�Źŵ��ºƿ���ŚºƯŵ�Ʋ
ººƯ�šŚŝƺººſŹř�ƹ�ŶƴŤƀººƷ�ŢººƳźƷƺĩ�žººƿ�ƶººƃƺų�ƲŚººƷƽŹ�ººƿººƴƛ�żƾ�řżººƟř�ŜººūƺƯ�žººƯ�Żř�ƿŤŴººſ�ƂƾººƯ�ƾ�

ŶƳƺƃ[2,7,13]����ŚƯř��ŹŵŚƯŵƽ�ě�ǀŻŚſźƽ��ŧŚţ�ǇŚŝ�ǀ���ŽƺĪƘƯ�źŵ�ºƿ��ºƯ�ƵŶƾ��ŵƺºƃ�������ŚºŤƳ�Żř�ƶºĩ�ŹƺƐƳŚºưƷ�ƹ�ƿ�ŤŴºſ�Ūƾ�
Ŭƴſƾ��ŚƯŵ�Źŵ�ƽ�C�}ëçå�Ƴ�ǀ������ř�ƶƔůǈƯ�ƪŝŚƣ�ƱŶƃ�ƭźƳ�ŜŞſ��Ţſř�ƵŶƷŚƄƯ�ƪŝŚƣ�żƽƯ�ŹŚŤųŚſ�Źŵ�ƾŵŵźĭ���řƿ�Ʋ
Ưƾ�����ºƴƛ�šŚŝƺſŹ�ƱŶƃ�ŢƃŹŵ�ƶŝ�ƍƺŝźƯ�ŶƳřƺţ�ƾ��ƀºěř�žºƯ�Żř�ǀ�ƱƺƬ�-Cuİ�����ƀºƳźƷƺĩ�ƶºĩ�ŶºƃŚŝƾ�Żř�řŹ�ŵƺºų��

��ŶƳř�Ƶŵřŵ�Ţſŵ[14]��ƿĪƾ�ŵ�ƿŧŚţ�ƪƯřƺƗ�Żř�źĮǀĪƄţ��ƱŶƃ�ƭźƳ�Źŵ�ŹřŸĭ�źǀƴŤſō�ƪǀŤƄĭźŝ�Ţƾ��ºƯƾ���ƶºĩ�ŶºƃŚŝ�
�ŚƷŚƯŵ�Źŵƽ�éíåƹ�C�}�êêåĪƄţ�ǀưƳ�ƪƾŵƺƃ�[2,3,5]��ŵ�ƪƯŚƗƿƯ�źĮƾźƟ�ŻŚƟ�ŶƳřƺţ�ƿǇ�Ţ�ºƿř�ƶƽ���ŶºƃŚŝ�ƪĪºƃ�

���ŤŴſ�ƂƷŚĩ�ŜūƺƯ�ƶĩƾ�ŵźĭ�ƿ�Ţſř�ƵŶ[5]��ŚƯŵƽě�ǀŻŚſźƽ�C�}êêåŻƺţ��ƿŤŴſ�Ɩƾ�ƿŤųřƺƴĪƾŹ��ŵƹŶů�Źŵ�ř
 HRCèìƯ�ƱŚƄƳ�řŹ�ƾŶƷŵ���ĭ�ƵŻřŶƳř�ƶŝ�ƶūƺţ�Śŝ�žěǀźƽŤŴſ�ƾŚƯŵ��ƽƯ�ǀƳŚƾ�ŵƹŶů�C�}êêåƸŝ�ǀŢſř�ƶƴ���

��
Ñ��ƽźǀĭ�ƶŬǀŤƳ����

���ƾſŹźŝ�Żř��źŧřPWHT��Ɯţ�źŝǀǀŹ�šřźƿŤŴſ�ƹ�ŹŚŤųŚſżƾ�ƫōǀ�ĥŚPH�17-4ŹŚĪƃƺū�ƽ�Ưźţǀưƾ�ƵŶƃ����źºƿŻ�ŪƿŚŤƳ
Ţſř�ƾŝŚǀŤſŵ�ƪŝŚƣ��� �

 ƫƹřǀƲ����Źŵ�ƶƬůźƯ�PWHT�Ƴō��ǀƪ�ǈŰƳř�ƫƾ������ůŚƳ�ƝŸºů�ŦƗŚŝ�ƶĩ�Ţſř��ºǀƶ��źƌºƯ�HAZŚƤƯ�Źŵ��ºƿƶƀ��Śºŝ�
�ƶƳƺưƳas-weld�Ưƾŵƺƃ����

 PWHT���ƛ�ƂƷŚĩ�ŜūƺƯ�ǀźƿŤųřƺƴĪƾ�Ư�ǀ�ŹŚŤųŚºſƹźĪ���ºƴĤưƷ�ƹ�ǀƲ��ŤŴºſ�ƾ��ºŝ�ǀƲ��ůřƺºƳ�ƾ���Śě�żºƬƟ��ºƿƶ�ƹ�
Ư�Ɓƺūƾŵŵźĭ�����

 ��ě�ƶƳƺưƳ�ŹŵǀŻŚſźƽ��Źŵ�ƵŶƃ�C�séíå�ţ��ǀ�ŚƷ�ƶƜƽ�żƴţŹŚƯ�ƿ���������ŚºƷ�ƶºƳřŵ�Źŵ�ƶºĩ�ƵŶºƃ�źºĜưţ�ŹƺºŰƯ�ƮºƷ�Ţƽ�
ƴŤººſōǀƫƹř�ŢººǀĪƄººţ�ƶǀ�ƪŵ��Ţººſř�ƵŶººƃººƿººƯ�ƵŶƾŵƺººƃ���ŚººƷ�ƶººƳƺưƳ�Źŵ��ƪººŝŚƤƯ�Źŵƽ�êêå�ƹ�C�sëçå�
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17-4 PH�ƴĤưƷ� ƹǀŚƣō� Żř�ƲƽƬų�źŤĩŵ�ǀƸƃ� ƵŚĮƄƳřŵ� Źŵ� źŞŬƳŹ�ƪǀřźŝ� ŻřƺƷř�Ʊřźưģ�ŶƽŚƯŻō� ƭŚŬƳř�ƿ�šŚƄ
SEMŶƳŹřŵ�řŹ�źĪƄţ�ƩŚưĩ����
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Abstract 
17-4 PH is a martensitic stainless steel containing 3-5 wt.% Cu and is strengthened by the 
precipitation of nano-size dispersed copper particles. Due to its appropriate combination 
of mechanical property and corrosion resistance, application of this alloy has been 
increased for a variety of usages in marine constructions, chemical industries and nuclear 
power plants. However, producing this type of stainless steel is much expensive than the 
other types, in the presence of any defects, replacement of exactly same material is 
expensive. Therefore, repair welding is commonly technique to reduce both shut down 
period and the cost for providing the new material. In this paper, the influence of post 
weld heat treatment, solution annealing followed by ageing at 480, 550 and 620 C on 
weldment microstructure and hardness in GTAW 17-4 PH stainless steel was studied. 
SEM results revealed that all PWHT�s improve the microstructural similarity by 
disappearing HAZ due to solution annealing treatment confirmed by hardness 
measurement. In 550 and 620 C the microstructure is similar to the Windmännstätten 
structure, unlike the typical tempered martensite structure consisting of recrystallized 
lamellar ferrite layer formed in the tempered martensite. 
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